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CHAPI'ER 1 
INrRODOOrION 
1.1 Introduction 
In connection with the construction of flat slabs used as roofs of 
rein:f'orced concrete storage tanks for cerwin types of aviation fuel, it has 
been found necessary to use a steel plate as lining beneuth the concrete slab 
to avoid contamination of the fuel by contact with the concrete. Until now, 
these flat slabs have been designed according to ordinary reinforced concrete 
practice, and the steel plate has been considered as a lining only. 
The presence of the steel plate as a lining suggested the possibil-
ity of its utilization as positive moment reinforcement in the flat slabs. 
However, in order to do this it would be necessary to provide an adequate 
mechanical bond or shear connection between the steel plate and the concrete 
slab. This investigation was undertaken to obtain information about the most 
efficient type of shear connection, and about the requirements on which a 
design using such shear connection should be made. 
1.2 Object 
The object of this investigation was to obtain by means of tests 
and analyses information which would provide a basis for the rational design 
of uniformly-loGded flat slabs of concrete reinforced for positive moment by 
a continuous ·steel plate. 
Three main aspects of this problem have been considered in this 
investigation. They include: 
(1) Experimental studies of the loading characteristics of tvlO 
possible types of shear connection, and determination, by means of tests on 
beams, of their strength and behavior under loading. 
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(2) Analytical studies of the horizontal shearing forces that must 
be resisted in a uniformly-loaded flat slab of the type in question. 
(3) Recommendations for the design of the necessary shear connection, 
based on the results obtained in the first two parts of the investigation. 
In addition, a study was made of the distribution of negative moments 
in the flat slab, and recommendations are given for proportioning the corres-
ponding reinforcement. The possibility of a shear failure around the column 
capital occurring before yielding of the slab was also investigated. 
1.3 Scope 
Two different types of shear connectors were considered in this 
investigation: welded wire fabric welded to the steel plate, and welded studs. 
However} most of the experimental investigation was devoted to the second 
type of shear c'onnector, since the welded wire fabric did not appear to be 
satisfactory as a result of the tests mentioned in Chapter 3. 
The loading characteristics of the welded studs were investigated 
by means of tests on beanw, reported in Chapter 4. Since the studs are essen-
tially omni-directional, no question of two-way action arises in connection 
with the strength and behavior of the studs. Actually, in the flat slab, the 
studs will be called on to resist a resultant shear which acts in only one 
direction. Their strength under these conditions could most directly and 
most easily be evaluated by means of tests on beams. MOreover} questions of 
stud behavior in regions of varying shear, due to uniform loading, and in 
regions of contraflexure or negative moment could be answered more easily and 
more precisely by tests on beams. These two aspects of the behavior of the 
studs are reported in Chapter 5 and Chapter 6, respectively. Chapter 2 con-
tains_ ,a~ general description of the tests spec imens 1 the eqUipment used, and 
the test procedure. 
3 
In the second part of this investigation, two analyses were made of 
a typical interior square panel of a uniformly-loaded flat slab with square 
column capitals. The ratio of the width of the column capital to the span 
length was taken equal to 0.25 and 0.125, respectively. These analyses, 
reported in Chapter 7, include the determination of the horizontal shearing 
forces developed in an interior panel, and the location of the line of contra-
'flexure when the flat slab is subjected to uniform loading. 
In the Last part of the investigation) Chapter 8, recommendations 
are given for the design of the shear connection. In addition, moment coeffi-
cients for the design of the negative moment reinforcement are also given, 
based on the maximum negative moments computed at the critical sections. The 
factor of safety of the slab against a shear failure around the column capital 
was computed for a particular uniform loading in a slab with given dimensions. 
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CHAPrER 2 
I:lEOCRIPI'ION OF TESr SP~IMENS AND TESr PROCEOORES 
2.1 Description of specimens 
Owing to the large number of variables that were considered in this 
study, (the most important being the type of shear connectors, the size and 
arrangement of studs, the conc,rete strength, the span length and the type of 
loading)' only tho~e characteristics that are common to most of the specimens 
. are discussed in this chapter. Later, the particular characteristics of each 
specimen will be mentioned in its corresponding chapter. 
All the beams tested were rectangular in cross-section, with an orig-
inal overall length of 10 feet. The width was constant and equal to 12 inches, 
while the total depth was 6-1/4 in. for beams C-l through C-7 and 9-1/4 in. 
for all the rest. Included in the total depth is the 1/4 in. thickness of 
the steel plate that was used as positive moment reinforcement at the bottom 
of all beams. 
2,,2 M:l.terials 
(a) Cement. In order to test the spec imens approxiroa.tely a week 
a.:fter they were cast, high early-strength Type III cement was used. 
(b) Awega te. Wabash River sand and gravel were used in all beams. 
The maximum size of the coarse aggregate was about 1.5 in., with a fineness 
modulus around 6.75. The fineness modulus for the sand varied between 2.7 
and 3.2. Both aggregates passed the usual specifications. The absorption was 
about ODe percent by weight. 
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(c) Concrete. The ultimate concrete strength varied between 1460 
and 5960 psi, but most o.f the beams were in the range 3500-5500 psi. Either 
6 or 9 6 x l2-in. concrete cylinders were tested for each beam. 
(d) steel Plate. The steel plates used for beams C-l through c-6 
were cut from a 6 by l2-ft. plate 1/4 in. in thickness. For all the other 
beams a l/4 by l2-:-in. universal mill plate was used. To determine the yield 
point and. the ultimate strength at: the steel, two or three standard coupons 
-
were tested for each specimen, the values obtained being shown in Tables 3.2, 
4.l, 5.1, and 6.1. As an average, the yield point of the steel plates cut 
from the 6 by 12-ft. plate can be taken as 35,350 pSi, and as 43,450 psi for 
those cut from the universal mill plate. The average ultimate strengths were 
58,800 psi and 6~,OOO pSi, respectively. 
(e) Reinforcing Bars. In all the restrained beams, deformed bars 
of intermediate grade steel were used as negative reinforcement. Specimens 
two feet long were cut from each bar and tested for determination of yield 
~:int and ulti.mate strength. The values obtained in these tests are shown in 
Ta.ble 6.1. Yield points varied between 40,900 and 49,500 psi and Ult.1mate 
strengths bet'.;een 75,000 and 87 ,200 p8i~ No. 7 deformed bars were used in all 
the restrained beams, except C-27, in which two No.8 and one No.4 bars were 
used •. 
(f) 3hear Connectors. Although some beams provided with welded 
wire fabric welded to the plate as shear connectors were tested at the beginning 
of the investigation, most of the specimens studied were provided with welded 
~tuds. Three sizes of Nelson velded studs were used, with diameters of 3/4, 
5/8 and 1/2 in. respectively. A1J. the studs were 4-m. high, with an upset 
head. The dimensions of the studs are shown in Fig. 2.1. The studs, according 
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to the manufacturer.1 are made from mild steel with a tensile strength of about 
:60,000 :psi and an ultimate shear strength of 55,000 psi. Tests made in the 
laboratory on Several 5/8 and 1/2-in. diameter studs gave an average yield 
strength of 55,350 psi and an average ultimate strength of 67J700 psi. 
For beams C-3 through e-6, two types of welded wire fabric in four 
different arrangements, were used. One type consisted of No. 0 wires welded 
to No. 000 wires and the other of No.4 wires welded to No. 000 wires. The 
wire fabric was then tack welded to the plate to act as a shear connection. 
2.3 M3.nufacture of Spec imens 
All beams were cast with the steel plate acting as the bottom form 
'~nd with steel side forms • The steel plate at the bottom was supported on 
wooden blocks 4 in. wide in va.rious ways: at 3 points (both ends and midspa.n), 
at 4 points (both ends and third points) or with continuous support to avoid 
forming stresses· in it. In the figures showing the elevation of the beams, 
the wooden blocks are indicated by dotted lines. 
In the beams supported during casting at 3 or 4 points only J the 
steel p1.ate deflected under the weight of the wet concrete. The maximum deflec-
tion for the 6-1/4-in. deep beams was about 5/16 in. and for the 9-l/4-in. deep 
beams about 1/2 in. The measured depth of the beam at va.rious points is shown 
for Beams C-3, C-5 and C-8 in Figs. 3.1, 3.4 and 4.3, respectively. In all 
beam elevations, the deflections are shown to an exaggerated scale. 
The concrete was miXed from three to eight minutes in a non-tilting 
drum-type mixer of 6 .. cu ft capac i ty • A butter mix was run through the mixer 
prior to mixing the first batch and two or three batches of concrete were used 
~or each beam. The batches were placed in horizontal layers along the beam 
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with the aid of a high-frequency internal vibrator. Three or more 6 by 12-in. 
control cylinders and one 6 by 6 by 20-in. control beam were cast from each 
batch, the concrete being vibrated also in these specimens. To faciliatate 
bandJ.iug of the specimens, a 1/4-in. steel hook was embedded in the concrete 
at each end of the beam. 
Four or five hours after casting, the top surface of the beam was 
trowelled smooth and the cylinders capped with neat cement paste. The beams 
and control cylinders 'fere kept moist for three days and were then stored in 
the laboratory air until tested. 
2.4 Testing Equipment 
(a) Loading Eq,uipment. Beams C-3 through C-5 were tested in a 
200,000 lb. Olson mechanical testing machine. The total load on the specimens 
was obtained directly by balancing the lever arm of the machine. 
The other beams were tested by means of hydraulic jacks in a load-
ing frame. A typical arrangement of the loading frame and jacks is shown in 
Fig. 2.2. Several Blackhawk hydraulic jacks of IO-ton capacity each were used, 
the number depending on the type of loading. For two-point loading 4 jacks 
were used and for simulated uniform loading a single jack was used at every 
loading point. The jacks reacted against a steel beam attached to a frame 
anchored to the laboratory floor, and were held with their bases against the 
reaction beam by two 1 by 1 by liB-in. angles clamped to the reaction beam. 
The jacks were connected by high pressure hose to a brass manifold, 
which in turn was connected to a measuring gage and a hydraulic pump. The 
load was applied to the beams through 4 by 12 by 2-in. steel loading blocks 
seated on .the> beam with high-strength gypsum plaster. In beams under s:i.rnulated 
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Uniform load, the jacks acted directly over the loading blocks, while in those 
subjected to two-point loading the load was applied through a steel loading 
beam supported on l-in. diameter rollers, one of which was fixed, that rested 
on 3/4-in. steel plates placed on top of the loading blocks. The support 
bear.ing blocks were 6 by 12 by 1-1/2-in. steel plates' seated on the beams with 
plaster, the specimens being supported on two 3-1/4-in. steel rollers, one of 
w~ich was fixed to prevent rolling. The rollers rested on 2-in. thick steel 
plates seated in plaster on concrete abutments. Details of -these loading 
arrangement~ can be seen in Figs. 4.34 and 4.35 for the two-point loaded beams 
and in Fig. 4.37 for the beam5 under uniform load. 
In beams C-18, C-19, C-20, and c-24 through C-28 a Simplex hydraulic 
jack of 30 ton capacity was used on the cantilever portion of the beam, the 
jack bej.,ng connected to an independent pressure gage and hydraulic pump. This 
was done 'in order to have better control of the load on the cantilever after 
yielding of the negative steel reinforcement of the beam, as will be explained 
later in Chapter·6. 
The total load on the beams tested with hydraulic jacks was deter-
mined from the calibration of the jacks. Two pressure measuring gages were 
used in the loading system, a 5000-psi gage for small loads and a lO,OOO-psi 
gage for large loads, both gages having been calibrated with the correspond-
oing jacks in a testing machine, prior to their use. In the tests of the 
restrained beams, the 5000-psi gage was used with the 30-ton jack while the 
10,OOO ... psi gage was cormecte<l. to the main hose feeding the lO-ton jacks. 
(b) Deflectometers. Deflections were measured at midspan of all 
beams except the restrained beams 0-18, 0-19, C-20 and C-24 through C-28. In 
these, deflections were measured at a distance of 31-1/8 in. from the simply-
supported end of the beam. De.flections were measured by means of two dial 
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indicators, reading to 0.001 in., placed under the beam at a distance of 1-1/2 
in. from the edge of the plate and supported by steel bars. 
(c) . Slip Gages. Slip between the steel plate and the concrete was 
measured by means of slip gages at points 6 in. inside the free end supports 
and at the inflexion point in the restrained beams. The dial gage was attached 
to the steel. plate with its spindle bearing on an aluminum angle cemented to 
the concrete. Any relative movement between the point on the steel plate at 
which the gage was attached and the aluminum angle was registered by the dial. 
Readings were made to 0.0001 in.} the last figure being approximated. 
(d) Strain Gages. In many of the beams, strains on the bottom face 
of the steel plate, and sometimes in the top face of the concrete, were mea-
sured by means of Type A-3 SR-4, electric resistance strain gages attached to 
the spec imens in the usual way. In order to get an average value of the strain 
across the width of the section considered, at least 2J and sometimes 3, strain 
gages were used in each section. 
The locations of the various gages for each beam are shown under 
the title "Position of Gages" in the corresponding beam figure. These figures 
are placed at the beginning of each chapter's set of figures. 
2.5 Testing Procedure 
Loads were a.pplied to the beams in small increments, generally vary;., 
ing from 350 to llOO lb. per jack. The initial load. increments ,{ere commonly 
greater than those applied after the first slip was noticed. A£ter each incre-
ment of loading, the valve between the pump and the jacks was closed and def1ec M 
tion and slip readings were then recorded. When strain gages were used, the 
corresponding readings were also recorded at this time. Cracks were observed 
and marked with ink. There was usua.lly some drop-off in the load and some 
.increase in deflection and slip while the cracks were being observed. 
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The average length of test was about 5 hours. Photographs vrere 
taken o.f each beam after failure. The concrete control cylinders and flex-
ural control beams corresponding to each spec imen \{ere tested on the same day 
that the beam was tested. 
2.6 Be~ Without Sheur Connectors 
In order to determine the normal adhesive bond that could be 
developed between the concrete and the steel plate, two specimens, designated 
C-l and C-2, were fabricated without any type of mechanical shear connection. 
Beam C-l 
In casting this beam a continuous support was provided so that no 
forming stresses would develop in the plate. The bond bet\{een the concrete 
and the steel plate was relied on to prov~de the shear connection. The beam 
was tested with two concentrated loads at the third points and carried a 
total load of 6200 lb. corresponding to a bond stress of 52.2 psi, before 
. failure occurred in bond followed immediately by failure of the then unrein-
forced concrete beam. Figure 2.3 shows the details of Beam C-l. 
Beam C-2 
In this beam, the steel plate was supported at its ends and at mid-
span while the concrete was cast. The forming stresses developed in the steel 
plate due to the weight of the wet concrete were approximately 20,000 psi near 
the center of the support. The beam could not be tested under applied load 
since it failed during handling, the plate springing away from the concrete in 
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the region near midspan of the beam. No figure is shown for this beam; its 
dimensions were equal to those of beam C-1. 
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CHAPrER 3 
BEAMS WITH WELDED WIRE FABRIC AS SHEAR CONNreTION 
3.1 Object 
The tests reported in this chapter were made to study the behavior 
of beams provided with welded wire fabric welded to the steel plate in such 
a manner as to provide a shear connection between the concrete and the steel 
plate. 
3.2 Scope 
Seven tests were made in connection with this study although only 
four beam$ were involved; beams C-4, C-5 and c-6 were each tested twice. Since 
the original beams failed in shear at one end, the intact portion of the beams 
was retested. The retested beams were designated by the addition of Ita" after 
their original designation. 
Two types of welded wire fabric were used, in a total of four dif-
ferent arrangements. In beams c-4 and C-5 the wire fabric consisted of No. 0 
wires welded to No. 000 wires, and in beams C-3 and c-6, of No. 4 wires welded 
to No. 000 wires. Details of the wire fabriC, relative position of the wires 
on the plate, spacing of the wires, and welding paints, are shown in Figs. 
3.1 through 3.7 for beams C-3 through c-6a, respectively. These data are sum-
marized in Table 3.1. The concrete strength was not considered a variable in 
this studyj it was'kept in the range 4600-5100 psi for the original beams. 
3.3 Description of Specimens 
The dimensions of the beams and the mechanical properties of the 
mater1a1s are indicated in Table 3.2. Figs. 3.1 through ).7 show elevations, 
details and plan views of specimens C·3 through C-6a, respectively. The 
positions of the gages used in each test are also shown in these figures. 
The original beams, C-3, C-4, C-5 and C-6, were all tested under 
two concentrated loads located at the third points of the original 9-ft span. 
BeamB C-4a, C-5a and C-6a were tested with a single concentrated load at the 
center of the reduced 5.75-ft span. 
The measurements taken in testing the spec imens include: deflec-
tions at the middle-span in all beams, slips between the concrete and tIle 
steel plate at points 6 in. to the inside from the supports, and strains at 
the bottom of the steel plate and ut top of the concrete at the locations 
shown in the figures. In beams c-6 and c-6a, strains on the top surface of 
the steel plate were also measured. 
3.4 Modes of Failure 
As an introduction to the discussion of the results obtained in 
this series of tests it might be convenient to indicate the mode of failure 
of each particular beam, mentioning at the same time the particular character-
istics of the wire fabric in the specimen considered, although this informa-
tion is also given in Figs. 3.1 through 3.7 and in Table 3.1. 
Beam C-3 
The wire fabric consisted of No. 000 wires at 6 in. centers placed 
longitudinally in contact with the steel plate and No. 4 wires placed trans-
versely at 3 in. centers. The No. 000 wires were welded to the steel plate 
with 1/4 in. welds about 5/8 in. long spaced at 6 in. 
The beam carried a maximum loa.d of 25,GOO Ib, corresponding to a 
bond stress of 208 psi. Final failure occurred by breaking all of the welds 
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connecting the No. 000 wires to the steel plate at one end of the span between 
the load point and the support. From the observed load-deflection and load-
slip curves, it was clear that the first weld failure occurred at a load of 
15,000 lb. 
Beam c-4 
The wire fabric in this beam consisted of No. 0 wires in the trans-
verse direction at 6 in. centers in contact with the plate, and two longitudi-
nal No. 000 wires at 6 in. centers on top of them. The transverse wires were 
each welded to the plate with two 1/4 in. welds 1 in. long. The beam carried 
a max~ load of 20,000 lb, corresponding to a bond stress of 167 psi. This 
beam failed when the concrete crushed in bearing against the transverse No. 0 
bars, after considerable bending of the transverse bars. At failure, a typi-
cal shear crack had formed in the shear span at one end of the beam. A photo-
graph of the welded wire fabric after failure is shown in Fig. 3.22. 
Beam C-4a 
Since beam C-4 failed only at one end,the intact portion of the 
beam was tested on a span of 69 in. In this case, only a single concentrated 
load was applied. The arrangement of the wire fabric in this beam was of 
course identicu..l '",ith that of beam C-4. The beam carried a maximum load of 
29,500 lb corresponding to a bond stress of 246 psi. 
Beam C-5 
The wire fabric in this beam consisted of No. 0 wires at 6 in. cen-
ters welded to two No. 000 wires at 6 in. centers, similar to the wire fabric 
in :beam C-4. However, in beam C-5 the No. 000 wires were placed in the longi-
tudinal ,direction and in contact with the plate. These wires were connected 
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to the plate by 1/4 in. welds approximately 2 in. long at 6 in. intervals. 
This beam failed at a maximum load of 24,040 Ib, corresponding to a bond 
stress of 200 psi. The failure occurred in the welds connecting the trans-
verse and longitudinal wires in the fabric. The first separation of the plate 
from the concrete took place at a load of about 15,000 lb. 
Beam C .... 5a 
The wire fabric in beam C-5a was the same as that in beam C-5. This 
beam had a span length of 69 in. and was tested with a single concentrated 
load applied at midspan. The beam failed at a load of 28,500 lb, correspond-
ing to a bond stress of 238 psi, At failure, the plate separated from the 
concrete and a diagonal crack was formed which progressed to the load point. 
Beam c-6 
The wire fabric in beam C-6 consisted of t·,-.ro No. 4 wires at 6 in. 
centers placed longitudinally and No. 000 transverse wires at 3 in. centers 
in contact with the plate. Each No. 000 bar was connected to the plate by 
three 1/4 in. welds 1 in. long. The beam carried a maximum load of 29,200 Ib 
and at failure the plate separated from the concrete at one end for a distance 
of about one foot. A diagonal crack started from the point at which the sep-
aration ended and progressed to the load point, as can be seen in the photo-
graph shown in Fig. ,.23. 
Beam c-6a 
The wire fabric was identical with that of beam c-6. Beam C-6a was 
tested on a 69 in', span and a single concentrated load was applied at midspan. 
The maximum lo8.d carried was about 27,000 Ib and failure was ace ompanied by 
the formation of a diagonal crack. 
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:3.5 Presentation of Results 
A summary of the results obtained in the seven tests reported in 
this chapter is presented in Table 3.3. In this table the maximum load) the 
maximum total horizontal shear S, and the maximum bond stress are given for 
each beam. In addition, the total shear corresponding to the yield point of 
the steel plate, and the maximum slip measured in the test are also given. 
The behavior of the specimens has been analyzed through the study 
of the load-deflection and load-slip relationships reported-herein. Figures 
3.8 through 3.21 show load-deflection and load-slip curves for beams C-3 
through C -6a. 
The deflections and slips have been plotted against the total hori-
zontal shear, S, which was computed from the formula: 
where 
since 
S == Va jd 
s = the total horizontal shear, in lb. 
v = the vertical shearing force, in lb. In the beams reported, V 
was always equal to one-half of the total load P. 
jd = the moment arm, in inches. It has been taken as 5.0 in. 
a ~ the shear span, that is, the distance between a load and the 
adjacent support, in inches. 
V ::J P /2 and j d = 5 in., 
Fa 
S = 10 
Now, by dividing S by 12a we obtain the value of the equivalent bond stress, 
that is, the bond stress that would be acting between the concrete and the 
steel . p~a te if all the load was transferred by bond only. Ac tually , at the 
final stages of loading, the bond has been broken and the load is transferred 
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by the mechanical shear connection provided by the welds between the wire fabric 
and the plate. 
The elastic deflections shown in the S vs. deflection curves have 
been computed on the basis of an uncracked section in all the original beams, 
and on the basis of a cracked section in the retested beams. 
The computed elastic deflections were obtained with the following 
expression: 
where 6 = the deflection at midspan, in in. 
S :.: the total horizontal shear, in Ib, computed as shown above. 
L = the span, in in. 
E = the modulus of elasticity of concrete, in pSi, taken as 
30}000,ooO 
5 + 10 ,OOO/f f 
c 
psi. 
where f' is the concrete cylinder strength, in 
c 
I th t f · t . . . 4 f th f lly t f d k d = e momen 0 lner la, In In. J 0 - eu rans orme uncrac e 
section for the original beams C~3J C-4, C-5 and c-6 and of the 
transformed cracked section for the retested beams C-4a, C-5a 
and c-6a. Cracks were assumed to reach up to the mid-depth of 
the beam in this case. 
k ~ ti coefficient depending on the type of loading; taken as 0.532 
for beams C-3, C-4, C-5 and c-6 and. as 0.~·17 for beams C-4a, C·,a 
and c-6a. 
It can be observed in the figures that the computed elastic deflec-
tiona check clo,~ely with the measured deflections at the early stages of load-
ing for the original beams, llihile the measured deflections were larger than 
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those computed for the retested be~. An explanation of this may be the fact 
that due to the previous loading of the beams some bond bas been destroyed 
.already at the beginning of the retest causing larger deflections than those 
computed on the basis of perfect bond. 
3.6 Discussion of Results 
The total shear necessary to develop the yield point of the steel 
plate, computed on the basis of perfect bond between the concrete and the 
steel plate, would be the yield stress of steel ttmes the area of the plate. 
The values corresponding to the different beams are given in Table 3.5. Com-
parison of these values with the maximum total shears obtained in the tests 
show that only in beam c-6 was the yield point stress of the steel reached. 
The strain readings taken at midspan just before failure of beam c-6 also show 
the state of incipient yielding of the steel plate at that section. In all 
the rest of the beams failure occurred before yielding of the plate. 
From a study of the S vs slip curves, it is evident that a certain 
amount of slip took place in all beams before failure occurred. HOvlever, the 
amount of slip at failure was much higher in some of the beams than in others. 
Slip was not developed in the original beams until after a certain load was 
reached. However, in all the retested beams, because the bond was broken at 
some points as a consequence of the first loading, the slip increased with the 
load from the beginning of the test. 
The slips measured when the beams were carrying their maximum load 
are also shown in Table 3.3. It should be noted that these values are not 
necessarily the max~slips recorded in the tests. For example, in beam 
C-4, the maximum slip recorded was 0.1875 in. at the end of the test, while 
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the corresponding slip under the maximum load carried by the beam was only 
0.0512 in. 
The values of slip under naxinrum load in beams C-3, c-4, c-4a, C-5 
and C-5a are all in the range 0.0231-0.0512 in., while those of beams c-6 and 
C-6a are only 0.0012 and 0.0046 in. J respectively. It is believed that failure 
occurred in these two beams when the shear strength of the specimens was reached, 
since the amount of slip at ultimate was too sma.ll to produce a failure by 
weakness in bond. In the other beams, failure was initiated by excessive slip 
between the concrete and the steel plate • 
.3 • 7 . Conclus ions 
As indicated above, all beams except c-6 and C-6a failed in shear 
because the shear connection provided by the welded wire fabric was not strong 
enough to prevent the slip that originated the shear failure. The yield point 
stress of the steel plate could not be developed in those beams. 
The wire fabric of beams c-6 and c-6a consisted of two No. 4 wires 
on top of No. 000 wires at 3 in. centers, as shown in Figs. 3.6 and 3.1, and 
was welded to the plate with three 1/4 in. tack welds I-in. long at each No. 
000 wire. Only in these two beams was the shear connect ion strong enough to 
prevent any significant slip. 
It can be seen, then, that in order to prevent a bond-shear failure} 
(that is, a shear failure originated by inadequate bond) a great amount of 
welding was needed. Consequently the cost of such a shear connection would 
probably be so grea.t that it "Tould offset any economical advantage that could 
be obtained by using the steel plate as reinforcement for a flat slab in regions 
of positive moment. 
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MOreover, in same o~ the beams, particularly C-5, the weld between 
the longitudinal and transverse wires of the wire fabric was broken at several 
points. Thus, there is no assurance that such a shear connection will be sat-
isfa.ctory, even if the welding between the wire fabric and the steel plate is 
sufficient, since the weld between the wires of the fabric may fail at a load 
much lower than that assumed as the failure load for the connection. 
It can be concluded, then, that the large amount of field welding 
needed to provide a satisfactory shear connection makes the-use of welded wire 
fabric uneconomical. 
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CHAPrER 4 
TESl'S OF WELDED STUD SHEAR CO~TORS 
4.1 Object of Tests 
The portion of the investigation covered by this chapter I{as 
carried out to determine, by means of tests on simple beamE, the load-
carrying capacity and behavior of welded studs acting as shear connectors. 
Although the ultimate purpose of the entire investigation deals with the 
design criteria for a flat slab, it was thought that the behavior of welded 
studs acting as shear connectors could be more easily understood from tests 
on simple beams. 
4.2 Scope 
Two main variables were considered in this study: the stud 
diameter and the concrete strength. For this purpose 12 tests were made, 
involving 11 beams only. Since beam C-7 failed in bond at one end, the 
intact portion was retested and the new specimen called C-7a. 
The tests were made using 'YIelded studs of three different diameters: 
3/4, 5/8 and 1/2 inch. The strength of the concrete varied bet\{een 1460 psi 
and 5960 psi. The beams were all tested under one or two concentrated loads 
so as to obtain regions of constant shear '\{here the loads carried by the 
studs could be more easily determined. 
4.3 Description of Test Specimens 
All beams had an overall length of 10 ft. and a width of 12 in. 
The: total.depth, 'including the'<,1/4';'in. thickiless of the steel plate vras 
9 1/4 in., except in beams C-7 and C-7a, which had a total depth of 6 1/4 in. 
The dimensions of the beams and the mechanical properties of the 
materials are indicated in Table 4.1. 
The beam tests reported herein are divided into three groups, 
according to the diameter of the studs used and are discussed separately 
below. 
(a) Beams with 3!4-in. diameter studs. 
The beams in this group were C-7, C-7a, C-8, C-9 and C-ll. 
Variables in the group are the depth of the beams, the n~ber and arrange-
ment of studs, and the strength of the concrete. 
The variation in depth has already been mentioned above and the 
variation in concrete strength was in the runge 4220 - 5960 psi. Beams 
C-7, C-7a and C-8 were provided with 9 studs spaced at 12 in. along the 
centerline of the steel plute. This arrangement corresponds to a pattern 
of one stud per square foot. The studs in beam C -9 were arranged in three 
rows 4-1/2 in. apart with the studs in each row spaced at 18 in. This 
arrangement gives two studs per square foot of plate. Finally, beam C-ll 
bad four studs per square foot, the studs being placed in tltlO rows at 
.9 in. apart, the spacing in each row also being 6 in. 
The dimensions of the beams, the arrangement of the studs, the 
pOSitions of the concentruted loads and the locations of the different gages 
used in testing are all shown in Figs. 4.1 through 4.5 for beams C-7, C-7a, 
C-8, C-9 and C-ll, respectively. Fig. 4.33 is a photograph of three of the 
steel plates used in these tests shrn{ing the different arrangements of the 
3/4-in. diameter stUds. 
Beam C-7a was tested with a single concentrated load acting at 
,~he middle of a 72 in. span. The other beams were all tested with two 
concentrated loads at or near the third points of the span. 
(b ) Beams ,with '5/8-in. diameter studs 
25 
Four specimens are considered in this group: 0-13, C-13a, c-14 
and C-15 ~ Here the only variable was the concrete strength ,{hich varied 
between 1460 and. 5440 psi. The studs ~(Tere welded to the plate in two rows 
6 in. apart, the spacing between the studs in the longitu~inal direction 
being 10 in. Beam C-13a was cast using the same plate and studs used 
previously in beam C-13. Since the strength of the concrete in beam C-13 
was very low, the steel plate and the studs were not damaged while testing 
and thus could be reused. These four beams were tested with t'\{O concentrated 
loads ~pplied at the third points of the 9 ft. span. Fig. 4.6 shows the 
locations of studs and measuring gages for slip and deflection in these 
beams. 
(c) Beams with 1!2-in. diameter studs 
This group consisted of three specimens, C-21, C-22 and C-23, in 
which the only variable was the concrete strength. Two rows of studs were 
welded to the steel plate with a spacing in the longitudinal direction of 
.~:", 7 in., the distance bet,{een the rows being 6 in. The concrete strength 
varied bet'\{een 2810 and 4930 psi. These beams were also tested with two 
c'ODCentrated loads 'applied at the third points of the 9 ft. span. The 
main characteristics of the specimens are shown in Fig. 4.7 
Since the effect of the strength of the concrete on the critical 
load per stud W"d.S the only variable studied, no strain gages \.,rere used on 
the beams included in groups (b) and (c). 
4.4 Results of Tests 
Load-deflection and load-slip relationships are reported herein 
for all the beams considered in this chapter. In order to study the strength 
of the studs in shear, the average load per stud has been plotted against 
deflection or slip. Deflections were measured at midspan and slips were 
measured on each side of the beam at each end at a point 6 in. inside the 
support. 
Since the loading arrangement wus such that the_shear was constant 
over the shear span, the average load per stud was computed from the follow,-
ing relation: 
where 
Thus 
Va 
R = jdN 
R = the averuge load per stud, in lb. 
v = the vertical shearing force, in lb. In all of these beams, 
V is eClual to one-half the total load P. 
a = the shear span, that is, the distance between a load and the 
adjacent support, in inches. 
jd = the moment arm, in inches, taken as 5.0 in. for beams C-7 and 
C-7a and as 8.0 in. for the other beams. 
N = the number of studs in the shear span. 
Fa 
R = 2jdN 
Curves of average load per stud vs. deflection and average load per 
stud vs. slip are shown in Figs. 4.8 through 4.31. No loud-slip curve is 
given for Beam C-12 since the slip was zero throughout the test. Theoretical 
elastic deflections are also shown on the load-deflection curves. 
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A summary of the results obtained in these tests is presented in 
Table 4.2. The maximum total load, P; the average load per stud at ultimate, 
R; the unit bond stress at first slip, U; and the maximum slip obtained in 
each test are given in this table together with the pertinent characteristics 
of the specimens. 
Unit Bond stress at First Slip. The unit bond stress bet\{een the concrete 
and the steel plate has been computed for the load corresponding to the first 
significant slip by means of the conventional expression -
where 
v 
u = bjd 
u = the unit bond stress, in psi. 
v = the vertical shear at first slip, in lb.} 
b x the width of the beam, 12 in. 
jd = the moment arm, taken' as mentioned above. 
The load at first significant slip was taken as that \vhich produced 
the first slip recorded by both slip gages at the same end of the beam with 
an average value of at least 0.0005 in., which is one-half the value of the 
smallest division on the dial gages used. 
Compututicn of Elastic Deflections. Deflections computed on the basis of 
the tru~fc~ed section, assuming the concrete to be uncracked, are plotted 
against uvcr~bc load per stud on the load-deflection diagrams. The computed 
deflection~ ~re based on the following expression: 
where ~ = the deflection at the midspan, in inches. 
p = the total load] in Ib~ 
L = the span, in inches. 
Ec : the modulus of elasticity of concrete, in psi; taken as 
30,000,000 
5 + lOJooolf~ 
concrete in ps i. 
where f~ is the ultimate strength of the 
I = the moment of inertia of the .fully transformed uncracked 
t . .. 4 sec ~on, ill In. 
tp = is a coefficient depending upon the type of loading. 
Since R = 2~dNdeflections have been expressed in terms of load per stud 
as follO\vs: 
4.5 Behavior of Beams During Testing 
study o.f the load-deflection and load-slip curves in Figs. 4.8-4.31 
indicates that th~ beams vent through three fairly distinct stages of 
bellavior before failure: (1) an essentially elastic stage during which the 
concrete remained uncracked; (2) an inelastic stage during which the concrete --
was cracked in flexure but in which the shear transfer between the concrete 
and the steel plate was essentially intactj and (j), a final stage in ,vhich 
slip between the concrete and the steel plate began and became increasingly 
greater. 
In the first stase, when the beam is uncracked, the measured 
deflections follow a straight line and usually coincide with the computed 
elastic deflections. Although the loads at which deviations f~om the 
elastic deflections starts seem different for the different specimens of 
each group when comparisons are made for the load-deflection curves 
presented, it should be remembered that those figures show load per stud 
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vs. deflection and not total load vs. deflection. At this stage, since 
the bond between the concrete and the steel plate has not yet been broken, 
the number of studs in the connection does not influence the value at 
which deviation from the straight line begins. If all the beams had the 
same depth and the same concrete strength, deviation from the elastic 
deflection line would occur at the same total load in all beams, indepen-
dently of the number and arrangement of the studs. 
In the cracked stage, the measured deflections are hisher than 
the computed deflections. The beginning of this stage is marked by a 
definite departure of the curve of measured deflection from the theoretical 
straight line. 
The beginning of the third stage is marked by a significant 
increase in slip at one or both ends of the beam. Prior to this increase, 
the slip usually vTaS either zero or quite small and had been increas ing. 
slowly and almost linearly with the load. The sudden increase in slip 
has been interpreted as indicating the failure of the direct adhesive 
bond between the concrete and the steel plate. In general, the first 
increase in slip at one end of the beam ,{as accompanied by 0. decrease in 
stiffness of the beam and. a consequent drop in load vrhich is apparent on 
both the load-slip and load-deflection diagrarnB. In some cases, a second 
drop in load is noted; when this occurred, it was the result of a sudden 
slip due to bond failure at the other end of the beam~ 
The load per stud at which first slip occurred varied for the 
differerit groups of specimens tested. It may be convenient then to present 
each group separately. 
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(a) Beams with 3!4-in. diameter studs. In beam C-7} first slip vTaS 
observed at a load per stud of 13 kips and increased considerably after 
that. In beam C-7a, slip started at one end from the time the first load 
increment was appliedj this was expected, however, because the bond at this 
end had been destroyed in the previous test of beam C-7. At the opposite 
end of beam C-1a, first significant slip occurred at a load per stud of 
about 15.7 kips} and increased fast after that. In beam C-8, first slip 
was recorded at a load per stud of approx:Lma.tely 15 kips, but the slip 
increased largely at one end at a value of R equal to 16 kips. In beam 
C-9J first slip occurred at both ends at 8 kips per stud, but did not 
increase much until the load per stud reached about 13 kips. Finally, in 
beam C-ll, although first significant slip was recorded at about 4.5 kips 
per stud, 'the beam failed by yielding of the steel plate, showing no 
appreCiable amount of slip before failure. 
'1 
(b) Beams with ~8-in.diam.eter studs. 'In the four; beams considered in 
this, 'group, first siGllificant slip occurred at a load per stud, R, in the 
range of 4.5 to 6.4 kips. 'However the slip did not increase much until 
a higher load per stud was reached, except in beam C-lj which had a very 
low concrete strength and failed without carrying much additional load 
beyond f~~t slip. 
(c) Bcw.J::"..:J ' .. 'ith 1!2-in. diameter studs. For the three beams tested in this 
group J f ... rst significant slip VclS obtained at a load per stud of about 2.5 
to 3.3 kips. However, a much greater value of R was obtained before the 
rate of slip changed significantly. 
The bond stresses at first slip ranged from 46 to 131 psi and 
appeared to increase vrith' the number of studs per square foot in the beams 
)' 
~ '; 
\ ' J' 
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with 3/4-in. diameter studs, and with the concrete cylinder strength for 
, the beams with 5/8-in. and. 1/2-in. -diameter studs. Expressed in terms of 
fJ, bond stresses varied from 0.016 ft to 0.023 f~ for most of the beams, 
except for C-13 and C-13a for which the values were 0.055 f~ and 0.036 f~ 
respectively. 
4.6 Modes of Failure 
Essentially, there were only three types of failure in the speci-
mens studied in this chapter: shear failure, flexural failure, and bond-
shear failure. However, beam C-7 failed prematurely by flexural cr.acking 
of the concrete at the location of the end stud (see Fig. 4~1)o Since this 
end stud was located 6 in. inside the centerline of the support, the end 
portion of the beam was essentially unreinforced and failure occurred as 
soon as the adhesive bond between the concrete and the steel plate was 
destroyed. This type of failure was avoided in the subse~uent tests by 
placing the beam supports at or inside the endmost stud. 
MOst of the beams, except C-1l and C-13 that will be discussed 
later, . exhib i ted what has been called a "bond-shear failure 1 u that is, a 
primary bond failure followed by a secondary shear failure. In these beams 
the maximum load was attained when the concrete crushed on the top of the 
,beam oyer an inclined crack which had usually become quite wide before the 
failure occurred. This can be seen in Figs. 4.34 and 4.35 in which photo-
graphs of beams C-8 and C-15 at ultimate are shown. 
Comparison of the loads at which failure occurred for the beams 
: of group (a) in ~~ble 4.2 shows that the,Ult1mateload increased signifi-
cantly wit~ the number of studs per square foot. This fact, together with 
the observations of the,behavior of the'beam and the relation between slip 
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and the pvogress of cracking leads to the conclusion that the shear failures 
observed were not primary in nature but occurred as a result of excessive 
slip. In other words, the shear failures were secondary and were preceded 
by what amounted to a bond failure due to excessive load and stress on the 
stud shear connectors. 
Beam C-ll, with four studs per square foot, failed in flexure 
by yielding of the steel plate reinforcement. The slips were not larBe 
enough to constitute a bond failurej consequently, the premature shear 
failure observed in the other beams could not occur and the full flexural 
capacity was developed. Because of the nature of the failure, this beam 
exhibited considerable ductility and attained relatively large deflections 
after the plate had yielded and before final collapse occurred when the 
concrete crushed on top of the beam. A photograph of this beam at ultimate 
is shown in Fig. 4.36. 
Beam C-13, in which the concrete strength was only 1460 psi, 
failed in shear, the maximum slip at failure being only one-third to one-
half' that for the rest of the beams. Although the bond had. already been 
broken, the slip was not yet large enough to produce a bond failure at 
the time the beam crushed because of its inherent weakness in shear caused 
by its low concrete strength. 
4.7 Critical Load for Studs 
The critical load-cacryiog capacity of the welded studs used in 
the tests reported herein has been chosen for use with design procedures 
based on the load causing first yielding of the flat slab structure. For 
this criterion, it has been assumed that the studs should be so deSigned 
that essentially complete composite action is maintained up to yielding 
of ' the slab. 
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Extensive tests of channel she~r connectors (Refs. 1 and 2) as 
well as stud. shear connectors (Ref. 3) have shown that small amounts of 
s1ip have no significant effect on the degree of composite action. A 
, similar. conclusion may be drawn from the tests reported herein. 
The critical load per stud has been selected as that at which 
there is an abrupt change in the 'rate of slip; that is, as that load at 
'. 
'~,whicl:J the third stage of behavior of the stud connection begins. 'From the 
previous discussion of the modes of failure of th~$e oeams it is evident 
, that the bond-shear failures were the direct result of excessive slip. 
However,~ as long as the rate of slip did not increase significantly, the 
behavior of the beam was essentially similar to that of a perfectly bonded 
beam, as can be seen in the load-deflection and load-slip curves. This 
con~ideration, together with the conclusions obtained in the references 
alread;y mentioned, lead to the criterion for the determination of the 
qritical load per stud stated above. 
Bas'ed on this criterion, the critical loads per stud obtained 
in these tests for the three different sizes of studs used are discussed 
, below. 
For 3/4-in. diameter studs, the value of the critical load may 
be estimated by considering the load-slip curves for beams C-7, C-7u J c-8 
and C-,9 which developed. excessive slip before failure. In Beam C-7a, as 
seen in Fig. 4.11, the slip began to increase markedly at the south end 
at ,a load per stud of about 13.6 kips, and at the north end at a load 
per stud of about 16.3 kips. The results for beams C-7 and C-8, (Figs. 4.9 
and 4 .. 13) are without much significance since the increase in slip 
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coincided with failure of the bond at about 13 and 16 kips per stud, 
respectively. In beam C-9, the increase in slip occurred at a load per 
stud between 13 and 14 kips. 
Beam C-ll failed in flexure when the maximum loa~ per stud was 
only 10.7 kips and the maximum slip was 0.007 in. This test showed that 
the critical load per stud is greater than 10.7 kips. On the basis of 
these tests, it seems that the critical load for 3/4-in. diameter studs 
for beams baving concrete strengths in the range 5200_- 6000 psi is 
about 14 kips. 
As mentioned before, the spacing and number of studs were the 
same for the four beams tested with 5/8-in. diameter studs. The only 
variable was the strength of the concrete. 
study of the curves of the load per stud vs. slip for beams 
C-13-through C-15 (Figs. 4.19,4.21, 4.23 and 4.25 respectively), 
gives the following values for the critical load per stud, ~r: 
Beam C-13, ~r % 5.4 kips 
Beam C-13a, Qcr = 7·5 kips 
Beam C-14, ~r = 7·5 kips 
Beam C-15, Q = 12 kips 
cr 
In beam c-14 there was not a definite break in the slip curve} 
and the value of ~r was taken as that corresponding to a slip of 0.01 in. 
which, according to the results obtained in these tests, can be con-
sidered as reasonably safe. 
In the three beams with 1/2-in. diameter studs, the only 
variable was the concrete strength. From the curves of load per stud 
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VS. slip shown in Figs. 4.27, 4.29 and 4.31, the measured values of the 
critical load per stud obtained were 4.2, 5.4, and 6.6 kips for beams C-2l, 
C-22, and C-23, respectively. 
In the push-out tests of welded studs reported by Viest (Ref. 3) 
the critical load, for studs up to 1 in. in diameter, and 4 in. high or 
higher, was found to be represented by the expression 
where 
2 c ~' ~r = 21d 4500 
Q
cr 
= the critical load per stud, in kips 
d = the diameter of the stud, in inches 
ft = the concrete strength, in psi 
c 
Tests made to determine the properties of the steel in the 
studs used by Viest gave an ultimate strength of about 70 ksi, and a 
yield point stress of about 53 ksi. These values are very close to 
those corresponding to the. studs used in this investigation. As 
mentioned in Art. 2.2 (f), the average ulti.Inate strength of the coupons 
tested was 67.7 ksi, and the average yield strength 55.4 ksi. 
The values yielded by this expression for the critical load of 
the studs in the beams reported in this chapter are given in Table 4.3 
under the heading "Computed ~r·lI As a means of comparison, the values 
of ~r obtained from the load per stud-slip curves are also listed, under 
the heading "M=asured ~r' fI together with the corresponding values of 
the concrete strength and diameter of studs. In addition, in Fig. 4.32, 
the critical load per stud bas been plotted against the concrete strength 
for t~e three groups of beams considered, using both the measured and 
computed values of the critical load. 
Because of the general agreement between the results obtained 
herein and those obtained by Viest, as shown in the table and figure 
mentioned above, and because of the similarity of criteria for the 
determination of the critical load, it seems logical to accept the 
expression given by Viest as being a satisfactory representation of 
the critical load for use in the type of construction considered. 
The values of the criticul loads per stud obtained from Viest's 
expression for f' = 4000 psi are as .follows: 
c 
For 3/4-in. diameter studs: 11.8 kips per stud 
For 5/3-in. diameter studs: 8.2 kips per stud 
For l/2-in. diameter studs: 5.25 kips per stud 
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CHAPrER 5 
BEAMS UNDER UNIFORM LOAD 
'5.1 Object 
The tests of beams subjected to simulated uniform load were made to 
_ study the behavior of studs in regions of variable shear. The distribution 
of load among the studs and the influence of the stud pattern on the load-
carrying capacity of the beam were the two main points investigated. 
5.2 ~ope 
Four bearnE are considered in this chapter: specimens C-10a, C-12a, 
~: '. c-16 and C-17. Since the original beams C-IO and C-12, which will be dis-
cussed in the next chapter, failed initially either in the overhanging portion 
or at the interior support, the main span of the beams remained intact and could 
. be retested. These retests, designated C-IOa and C-12a and reported here, were 
made essentially as exploratory tests. Beams c-16 and C-11 were specifically 
designed with the purposes mentioned above in mind, and consequently are given 
more attention in the discussion of results. 
The ma.in variable in this study was the arrangement of the studs; in 
beam c-l6 the studs were welded in two rows keeping the spacing in the longi-
tudinal direction constant, while in beam C-17 the spacing was varied according 
to the shear diagram. other variables in this group were: stud diameter, span 
length, concrete strength, and number of studs per square foot. Beams C-IOa 
. and C-12a, in which 3/4-in. diam. studs were used, were tested on a 6-ft. span. 
The concrete strength was over 5500 psi and the number of studs per square foot 
wa.s two in C-lOa and four in C-12a. Beams c-16 and. C-17 were provided with 5/8-
in. diam. studs and tested in a 9-ft. span. The strength of the concrete was 
around 3800 psi in both specimens. 
5.3 Description of Test ~ecimens 
Figs. 5.1 through 5.4 sho\-, the elevation, location of studs and 
position of gages for specimens C-IOa, C-12a, c-16 and C-17, respectively. 
The mechanical properties of the steel plate and the concrete are given in 
Table 5.1. Although the mechanical properties of the steel plate used in beam 
c-16 were not recorded, their values could not differ much from those of the 
other beams. 
The condition of uniform loading was simulated by using five equal 
loads at 12-in. centers in beams C-IOa and C-12a, and eight equal loads at 12-
in. in beams c-16 and C-17. 
The studs in beam C-lOa were arranged in three rows, 4 1/2-in. apart, 
in such a way as to obtain two studs per square foot. Beam C-12a was provided 
with two rows of studs, 6-in. apart, the spacing o.f studs in each row being 6 
in. This pattern corresponds to four studs per square foot. In beam C-16, the 
studs were welded in two rows in a staggered pattern such that the spacing in 
the longitudinal direction was 7 in. In beam C-17 exactly the same number of 
studs were provided as in c-16, but a variable spacing, determined ~ccording to 
the shear diagram, was used. As a result, there were no studs in the middle 
2 1/2 ft. of the beam. 
The slip between the concrete and the steel plate was measured at 
both sides of the beam at points located 6 in. inside the supports. Deflections 
at midspan were also recorded for the four beamB. In order to study the distri-
bution of load among the studs in beams c-16 and C-17, three strain gages were 
placed transversely on each line midway between consecutive studs. The pur-
pose of using three strain gages in .each gage line was to eliminate the possible 
effect of the distortion of the plate, due to the staggered pattern of studs, 
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by considering the average value of the three strain readings as the value 
of the strain in that section. A total of 45 strain gages were used on each 
of these two beams. Both beams were cast with the steel plate supported along 
its entire length in order to eliminate forming stresses in the plate. 
5.4 Results of Tests 
The results of the tests discussed in this chapter are presented 
in the form of curves showing the average load per stud vs._deflection and 
the average load per stud vs. slip in Figs. 5.5 through 5.12. Since the shear 
varied along the span in these beams, the average lo~ per stud was computed 
from the following relation: 
M 
R = jdN i 
in which M = the bending moment at the center of the beam, in in-lt"). J 
N'u the number of studs between the end of the beam and midspan, 
taken as 6 for C-IOa, 14 for C-12a and 8 for c-16 and C-17, 
jd c the moment arm, in inches, taken as 8 in. 
The shear and bending moment diagrams for beams C-10a wld C-12a are 
shown in Fig. 5.13. From them we get M = 4.5 F x 12, and since F = p/5 and 
jd ::l 8 
R -- 54p. 1 35 p 
-msw = . NT 
For beams c-16 and C-17, in which eight equal concentrated loads 
were used, M can be represented as: 
M = 4F (4.5 x 12) - 4F (2 x 12) = 120F 
and since F = p/8, jd = 8 and Nt = 8 
120P R = 512 = 0.2344 P 
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A summary of results for these tests is presented in Table 5.2, 
showing the maximum total load, the average load per stud at ultimate, the 
unit bond stress at first slip, the maximum slip and the mode of failure of 
each individual test. 
Elastic Deflections 
~astic deflections, computed on the basis of an uncracked section, 
are also shown on the curves of load per stud vs. deflection. Although speci-
mens C-lOa and C-12a are retests of the corresponding original specimens, the 
sections were assumed uncrucked in these computations since there was little 
cracking in the main span as a result of the original tests. The computed 
deflections are based on the expression: 
where ~ = the deflection at midspan, in inches, 
p = the total load, in lb., 
L ::: the span, in inches, 
E c the modulus of elasticity of concrete, in psi; taken as 
c 
30,000,000 'where ff is the ultimate strength of the concrete, 5 + 10,OOO/r' c 
c 
in psi, 
I = the moment of inertia of the fully transformed uncracked section, 
. . 4 
In lD , 
cp ::: a coefficient depending upon the loading characteristics. 
Unit Bond stress at First Significant Slip 
To determine the unit bond stress between the concrete and the steel 
plate for the load producing the first significant slip, the following conven-
tional expression was used: 
~. 
where 
v v 
u = bjd = §b 
u = the unit bond stress, in psi, 
v = the maximum shear in the beam, in Ib, 
b = the width of the beam, 12 in, 
jd = the moment arm, taken as 8 in. 
Again, the load at first significant slip has been taken as that 
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which produced slip of at least 0.0005 in. at both slip gages at the same end 
of the beam. 
5.5 Behavior of Beams During Testing 
The three stages of behavior mentioned in the preceding chapter could 
also be observed in these tests. In beam C-lOa, first significant slip occurred 
- - ·1. at the south end at an average load per stud of about 1.4 kips 1 and increased 
greatly after the load per stud reached 9.9 kips. Beam C-12a was tested ini· 
tia.lly with a single lO-ton hydraulic jack at every loading point and the first 
significant slip was observed at an average load per stud of 3.1 kips. Since 
the beam did not fa~l under the maximum load applied with this loading system, 
the test was continued a week later, with two 10-ton jacks at every loading 
point. The beam then failed in flexure, the value of the maximum slip being 
only 0.0019 in. An almost linear variation of deflection and slip against load 
per stud is observed in Figs. 5.7 and 5.8. This shows that the beam behaved 
) 
; almost elastically up to failure and. that even if a small amount of slip was 
produced, the composite action of the beam was essentially maintained up to 
the ultimate load. 
In beam C-16, first Significant slip was recorded at a load of 5 kips 
per stud. The slip tncreasedrapidly after this load, reaching a value of 0.01 
in. at 6 kips per stud. In beam C ... 17 there was no abrupt change in the rate 
of increase of slip. The first significant value was observed at 3.1 kips 
per stud, and reached a value of 0.01 in at about 8 kips per stud. 
5.6 Modes of Failure 
In three of the beams, C-lOa, c-l6 and C-17, failure was of the type 
called "bond-shear failure", while beam C-l2a, failed in flexure by yielding 
of the steel plate. 
Beam C-lOa failed in shear, the main crack being developed at the 
north end, from the support up to the second loading block. In beam C-12a, 
crushing of the concrete took place adjacent to the central loading block, above 
the main flexural crack. Two large shea.r cracks appeared at the north end just 
before the concrete crushed at the center. A photograph of beam c-l6 at fail-
ure is presented in Fig. 4.37. It can be seen that the steel plate separated 
completely from the concrete between the shear crack and the north support. 
In beam C-l7, the shear crack extended from the south support up to the region 
between the third and. fourth jacks, where the concrete crushed at the top of 
the crack. 
Thus, although in beam C-12a, which had four studs per square foot, 
the mechanical ~hear connection provided by the studs was strong enough to 
develop the yield stress 'of the steel plate, in the other three beams, the slip 
between the :plate and the concrete permitted by the stud connectors was large 
enough to produce a shear failure as a consequence of the initial bond failure. 
5.7 Distribution of Load Among the studs 
In ~rder to study th~ distribution of load among the studs in regions 
of variable shear, strains at the bottom face of the steel plate were measured 
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at sections equidistant from consecutive studs in beams C-16 and C-17. Based 
on these strain readings, the tension in the plate at those sections, and at 
various levels of load, was computed by using the relation: 
T :: E .EA.. 
av 
in which T = the force in the steel plate, in lb., 
€ ::: the average of the three measured strains in the plate between 
av 
two consecutive studs, 
E = the modulus of elasticity of the steel plate, taken as 30,000,000 
pSi, 
A ~ the cross-sectional area of the steel plate, equal to 3 sq. in. 
in all spec imens • 
The expression for T can therefore be written as: 
T ::: 9 x 107 Eav 
Values obtained from this expression for five different levels of 
loading have been plotted in Figs. 5.14 and 5.16 for beams c-16 and C-17, res-
pectively. The five levels of loading considered were: 
(l) at the initial stage of loading, when the beam remained essen-
tially uncracked 
(2) at the load increment just immediately before that which caused 
first significant slip 
(3) at that load which produced the first slip 
(4) at an intermediate loading stage 
(5) at.ultimate loading. 
The m,easured force in the plate was plotted as constant between COD-
secuti ve studs at all. load levels , although this is only true where the bond 
between the concrete and the steel plate had been destroyed. However, for beam 
C-171 in which three lines of strain gages were placed between the two studs 
nearest the midspan of the beam l the tension in the plate was plotted as 
variable, according to the strain readings recorded. The arrangement of the 
studs in each steel plate and the crack pattern corresponding to the ultimate 
load of each beam are also shown in the figures mentioned. 
The difference between the computed forces in the plate at two adja-
cent locations was considered as the shearing force on the stud located between 
those two sections. The values obtained for these shearing-forces, at the 
five levels of loading considered, are shown in Figs. 5.15 and 5.17, for beams 
c-l6 and C-17, respectively. In plotting these values, the shear on the stud 
was considered positive if it acted towards the nearest end o.f the beam, as 
shown by the arrows in both figures. 
Beam c-16 
Since the studs were spaced uniformly in this beam, the load per stud 
progressively decreased from the end of the beam towdrds the center as long as 
the concrete remained essentiaJ.ly uncracked, as shown in the "Uncracked" level 
of Fig. 5.15. A similar distribution may be observed at the following loading 
level, "Before First Slip", although here the distribution was somewhat altered 
at some points by the cracks developed in the beam. 
At ultimate, the studs placed at either end carried a very large 
load: 28 kips at the south end and about 32 kips at the north end. A large 
part ,of these loads were thrown to the studs as soon as first slip was recorded 
at the corresponding slip gages. An increase in shearing force of almost 14 
kips was obtained at the stud at the south end between the two consecutive 
loading incr~ments just before, and after first slip at that end was recorded. 
At the north end, first slip was obtained only at the load increment tromediately 
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. before that which appears as "Intermediate" loading in the figure. Thus, at 
the third level of loading show, the shear carried by stud Is is about 19 
kips, while that carried by In is still rather small. But after slip was 
developed at both ends of the beam, the shearing forces carried by studs Is 
and !!! were very Similar" as shown in the fourth level of loading of Fig. 5.15. 
The relation between the shear acting on a stud and the crack pattern 
of the beam can be seen clearly by considering the high value of the load 
carried by stud 4s at ultimate. The reason for this high value is the crack 
which was formed in the vicinity of this stud, as shown in Fig. 5.14. Similar 
relations can be established between the measured loads per stud and. the cracks 
formed at various.load levels. 
Beam C-l.7 
strains in the plate at sections between the first and second studs 
at either end of the beam could not be measured in this beam because the bear-
ing blocks used above the SUpportD covered almost completely the area between 
these studs. Thus, it was not possible to determine the distribution of load 
between the two end studs at each side of the beam, although the total value 
of the load corresponding to each pair of those studs was known. However, in 
F1g.5.17 the shearing force acting on those studs was plotted on the assump-
tion that the total load corresponding to each pair was distributed equally 
. between the two end studs. The shearing forces acting on the studs were plotted 
only for the first 7 studs from each side.. It was thought that the values com .. 
puted for the two central studs, 8s and 8n, would not be significant, because 
the plate in that' region was still bonded to the concrete at ultimate, as indi-
cated by the variation recorded in the tension carried by the plate at the 
miilille· of the beam where no studs were provided. This variation is shown in 
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Fig. 5.16. This figure also shows yielding of the steel plate at a region 
just to the south of the center line, although the beam failed clearly in 
shear and not in flexure. To explain this, it should be noted that the ten-
sion in the plate was computed from the strain readings obtained at the bottom 
face of the plate. Thus, the yielding recorded was probably only local yield-
ing in.the outer face of the plate due to a strain gradient developed through 
its thickness, and not a general yielding throughout the whole section. 
In this beam, the variation in the stud spacing was such as to make 
the load per stud theoretically uni.form. Thus, at the initial stages of load-
ing when the beam was essentially uncracked, the load per stud was almost uni-
.form, as shown in the first level of loading in Fig. 5.17. Afterwards, as 
shown in the second level of loading, the load increases in some of the studs 
according to the crack pattern developed. Here, the increase in load at the 
north end stud, as a result of the ,slip recorded at that end, can be observed 
also. The third level of loading 'shows the corresponding increase in load at 
the south end stud as a result of the first slip recorded there. The last 
two levels of loading show the concentration of shearing force at the two 
pairs of end studs. Each of these studs carried a load of about 25 kips at 
ultimate, according to the assumed distribution of load between them. Here 
also, the large loads at the final stages of loading correspond to those studs 
in the vicinity of a crack. 
By comparing the results shown in Table 5.2 for beam~s c-l6 and C-17, 
which had the same number of studs and almost the same concrete strength, and 
considering the distribution of load among the studs shown in Figs. 5.15 and 
5.17 J the e.ffec~ of the stud pattern on the load currying capacity of the beam 
becomes apparent. Although both beams failed in shear as a result of a primary 
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bond failure, C-17 carried at ultimate a total load of 58 kips while c-16 
failed under a load equal to 36 kips. In addition, the maximum slip at ulti-
mate was only 0.044 in. for C-17 as compared to 0.094 in. for c-16. This 
increase in total load and decrease in the corresponding slip are the result 
of the better distribution of the studs in C-17. Thus] it can be concluded 
that the studs should preferably be spaced according to the shear diagram. 
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CHAPrER 6 
TESrS OF REffi'RAINED BEAMS 
6.1 Object 
The object of the part of the investigation reported in this chapter 
was to obtain, by means of tests on restrained beams, information on the effect 
of adding stud shear connectors beyond the point of contraflexure on the behav-
ior of ~ifor.mly loaded flat slabs of concrete reinforced for positive moment 
by a continuous steel plate. 
Specifically, the tests of restrained beams were planned with two 
objectives in mind: 
(1) To determine the effectiveness of studs beyond the line of 
contraflexure, that is, in the region of negative moment, as anchorage for 
the positive reinforcement. 
(2) To study the contribution of the stud shear connectors beyond 
the line of contraflexure to the availa.ble overload ca.pacity after the beam 
yields in the regi~n of maximum negative moment over the restrained support. 
·6.2 Scope 
Ten beams were tested in connection with studies described in this 
chapter. In order to obtain a restrained end, the beams were supported at 
two points about 6 ft. apart, and a concentrated load was applied at the 
extremity of the overhang. On the ma.in span, uniform loading was simulated 
by means of a series of concentrated loads. 
The tests of beams C-lO and C-12, originally designed to simulate 
the conditions in a uniformly loaded flat slab, were concluded as soon as 
failure' occurred in the overhang, no attempt being made to determine the over-
load capacity of the specimens. Beam C-IO failed in shear in the cantilever 
50 
and beam C-12 failed in flexure by yielding of the reinforcement at the point 
of maximum negative moment. The intact portions of these two beams were 
retested as simply supported beams under uniform load, as mentioned in Cbap-
ter 5. 
Beams C-18, C-19 and C-20 .failed in shear at the simply supported 
end, and therefore it was not possible to study the effect of the stud shear 
connectors beyond the line of contraflexure on the overload capacity of the 
beams. Therefore, the results of these tests are included for comparison 
only. 
The tests of beams c-24 through C-28, which yielded results with a 
direct bearing on the problem under consideration, are presented and discussed 
more extensively than the other tests mentioned 10 this chapter_ 
The number and location of studs beyond the point of inflection, or 
the presence of any other anchorage baving similar effect, constitute the 
significant variables studied in the group of beams C-24 through C-28. 
With respect to the other variables present, the beams reported in 
this chapter can be divided into two groups, one formed by beams C-10 and C-12 
and the other by all the remaining beams. In the first group, 3/4-in. dia-
meter studs were used, the strength of the concrete was about 5500 psi, and 
the area of the negative steel provided was 1.2 sq. in. The span was 6' -0". 
In the second group, 5/8-in. diameter studs were used, the concrete strength 
was in the range 3600-4000 pSi, with the exception of beam C-24, for which the 
concrete was purposed1y made weaker as will be explained later, and the area 
of the negative steel provided was increased to 1.8 sq. in. These beams were 
a.ll test~ on a span of 61 5/8". 
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6.3 Description of Test Specimens 
All beams had an overall length of 10 ft., a total depth of 9 1/4 
in. and a width of 12 in. The positive reinforcement was provided by a 1/4 
in. thick steel plate, with welded studs acting as shear connectors. Beams 
C-lO and C-12 were cast with the steel plate supported at four points only, 
while for the others the plate was continuously supported to eliminate fonning 
stresses in the steel plate resulting from the weight of the wet concrete. 
The main characteristics of the beams and the mechanical properties of the 
materials used are shown in Table 6.1. 
The ~eams were loaded with a number of equally spaced concentrated 
loads along the main span, between the supports, so as to simulate a uni-
formly distributed load. Restraint was provided at one end by means of a 
loaded cantilever or overhang. The relative magnitudes of the loads on the 
main ,span and on the cantilever were such as to produce a ratio of maximum 
negative to maximum positive moment approximately equal to that in an interior 
panel of a uniformly loaded flat slab. 
The particular characteristics of each of the beamS reported here 
are mentioned below: 
Beam C-IO 
Eighteen 3/4-in. diameter studs were welded along the full length 
of the plate, this pattern corresponding to a distribution of two studs per 
square :foot of the plate, as shown in Fig. 6.1. Two No.7 bars, at 6 in. cen-
ters, and extending throughout the whole length of the beam were provided for 
the negative reinforcement. To prevent a complete separation of the steel 
plate and the concrete at the 'end of the cantilever, a No. 10 bar was welded 
, across ::the plate at a section 6 in.' from the end of the beam. 
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The beam was tested on a 6 ft. span, loaded with five equally 
spaced concentrated loads. In addition there was a concentrated load acting 
2.5 ft. from the support on the overhang. The magnitude of this load was 
twice that of each load in the main span. Under this arrangement of loads, 
the ratio of max~ negative to maximum positive moment was 2.14. Fig. 
6.22 shows the loading arrangement and the shear and moment dia~s for 
beams C-lO and C-12. 
Beam C-12 
Thirty-six 3/4-1n. diameter studs were welded along the entire 
length of the plate, in a pattern corresponding to a distribution of four 
studs per square foot, as shown in Fig. 6.2. To eliminate the possibility 
of a shear failure in the overhang or in the negative moment region of the 
main span, 16 No. 3 U-stirrups welded to the steel plate at 3 in. centers 
were provided as shown in Fig. 6.2. The reinforcement for negative moment, 
the span and the loading arrangement were the same as those for beam C-lO. 
Beams C-18, C-19 and C-20 
In this group of bearns, 5/8-in. diameter studs were used, arranged 
in the patterns shown in Figs. 6.5 through 6.5. These specimens differed 
only in the number of studs provided beyond the inflection point. Three No. 
7 bars, extended through the whole length, were used as negative reinforce-
ment, and 19 No. 3 u-stirrups, welded to the plate, were provided along the 
cantilever and in the negative moment region of the main span. Beam C-18 also 
had an additional U-stirrup welded to the plate at the section over the free 
support of the beam .. 
The beams were tested over a 6 ft. 5/8 in. span, loaded with six 
equalli spaced concentrated loads. Restraint was provided at one end of the· 
. beam by a concentrated load acting on the overhang at 2.96 ft. from the con-
tinuous support. The magnitude of this load was twice that of each of the 
loads in the main span, and the resulting ratio of maximum negative to maxi-
mum positive moment was 2.22. The concrete strength for the three beams 
was in the range 3725-3850 psi. Fig. 6.23 shows the loading arrangement, 
the shear and bending moment diagrams, and the stud arrangements for beams 
C-18, C-l9 and C-20. 
Beam C-24 
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This was essentially a pilot specimen, designed to investigate the 
necessity of providing shear reinforcement in the negative moment region of 
th~ main span. According to this idea, No. 3 U-stirrups were placed only in 
the overb.a.llg, and the strength of the concrete was decreased to a value equal 
to 3150 psi. To avoid any mechanical shear connection between the concrete 
and the steel plate, other than that provided by the welded studs, the ends 
of the U-stirrups were welded to· two independent anchor bars, instead of being 
welded to the plate as before. The location of the stirrups and the arrange-
ment of the fourteen 5/8-in. diameter studs used are shown in Fig. 6.6. The 
span, the reinforcement for negative moment and the loading arrangement are 
similar to those of beams C-18, C-19 and C-20. 
Beams C-25, C-26, C-27 and c-28 
These beams all had 5/S-1n. diameter studs, arranged as shown in 
Figs. 6.7 through 6.10. No.3 u-stirrups at 3 in. centers were provided in 
the overhang and also in the main span between the continuous support and the 
third concentrated load from that support to avoid a shear failure of the type 
obtained in beam C-24, in which the beam·failed without excessive slip_ 
U-stirrups, at the same spacing, were also provided at the simply supported 
end up to a distance of 2 ft. from the support. All stirrups were independently 
anchored 1 off the pla. te • 
These four beams were almost exactly alike, the only difference 
being the anchorage provided beyond the inflection pOint. In beam C-25, the 
steel p~ate was cut off at a section 4 in. inside of the continuous support, 
and no studs were provided beyond the inflection point. In beams C-26, C-21 
-
and C-28, the steel plate was extended through the full length of the speci-
men, and was anchored with two studs located at the end of the cantilever, 
just under the concentrated load. Beam c-26 had the same pattern of studs 
as 0-251 while 0-27 and C-28 had two additional studs beyond the inflection 
point, at sections located 10 or 5 in. from it, respectively, towards the con-
tinuous support. 
The negative reinforcement was extended through the entire length 
of the specimens, and was formed by three No. 7 bars, at 3 1/2 in. centers, 
in beams 0-25, c-26 and c-28. An equivalent area, provided by two No.8 bars 
and one No. 4 bar, was used in beam C-27. The span and the loading arrange-
ment were similar to those of beams 0-18, C-19, C-20, c-24 and C-25. The 
concrete strenb~h varied in the range 3570-3970 psi. 
6.4 Testing Procedure 
(a) Loading. All loads were applied by hydraulic jacks fed by a 
manually operated pump. In the case of beams C-lO and C-12, all the loading 
jacks, both on the main span and on the overhang, were connected to the same 
manifold. This rendered it impossible to increase the load. on the main span 
after the beam had yielded over the restrained support, because the jack bear-
ing on the yielding overhang provided relief for any additional pressure. To 
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avoid this restriction in the subsequent tests, the jack on the overhang was 
connected to a separate pump, with a pre~sure gage independent of that used 
for the jacks acting on the main span. This arrangement provided independent 
control of the loads on the cantilever and on the overhang, thus making it 
possible to overload the beam after yielding of the negative steel while main-
taining a constant moment at the restrained end. 
Loads were applied in increments of 500 to 1000 lb. at each jack. 
In beams C-IO and C-12, the load was increased in steps until failure on the 
cantilever portion of the beam was produced. The ratio between the load on 
the cantilever and any of the concentrated loads on the main span was kept 
constant, and equal to 2, throughout these tests. In the other beams, that 
ratio was also kept equal to 2 up to yielding of the negative moment reinforce-
ment, and after that, the pressure on the overhang was maintained. constant, 
while the load on the main span was increased in steps until failure occurred. 
(b) Measurements. Deflections were measured by means of two dial 
indicators at a section 31 1/8 in. from the simply-supported end in all beams 
except C-IO and C-12. This location corresponds approximat~ly to the position 
of the maximum positive moment section in the ~irst stages of loading. In 
beams C-IO and C-12, deflections were measured at the middle of the main span. 
Additional deflection measurements were made under the load on the overhang 
in all the be8Jl1s considered in this chapter. 
Slip between the steel plate and the concrete was measured, by dial 
gages at the inflection point corresponding to the first stages of loading 
and at a section at 6 in. fram the simply supported end, in all beams except 
C~10. In this specimen the slip gages were all located 6 in. inside of the 
supports. In beams C-27 and 0-28, additional slip measurements were made at 
a secti~ri 6 in. from the free end of the cantilever. Slip gages were all 
used in pairs, one on each side of the beam, and the average value o.f each 
pair was used when plotting the load vs. slip curves. 
strains at the bottom of the steel plate were measured with I-in. 
long, Typ€ A-3 SR-4, electric strain gages placed in the positions shown in 
Figs. 6.1 through 6.10, where the locations of the deflectometers and the 
slip gages used are also shown. Commonly, the st.cain gages were placed at 
sections equidistant from two consecutive studs, although that was not alHays 
the case. strains at the top of the concrete were also measured at the maxi-
mum positive moment section in beams ColO and C-l2. 
6.5 Results of Tests 
(a.) D=flections and Slips. As mentioned in the scope of this 
chapter, only beams C-25 through C-28 bear directly on the problem of anchor-
age beyond the pOint of inflection, and accordingly, they are given more 
attention in the presentation and discussion of results. All other beams 
failed in shear before any considerable slip indicating utilization of reserve 
anchorage could occur. For this reason, no slip curves are presented for any 
of these beams although the maximum values recorded in the corresponding tests 
are given in Table 6.2. The information presented in this table includes: 
the number, diameter and location of the studs provided; the total load carried 
on the main span, at yielding over the restrained support and at ultimate; the 
max~ slip recorded at the inflection point and at the simply supported end, 
and the modes of failure for each of the beams discussed here. 
Curves of total load. on main span vs. deflection are shown for beams 
C-18 , C-19 and C-20 in Figs. 6.11 through 6.13. The corresponding curves for 
beams C-lO and C-12, which failed in the overhang region, and for C-24, the 
shear pilot test, were not considered relevant enough to be presented. 
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Curves showing total load on main span vs. deflection, and vs. slip, 
are presented in Figs. 6.14 through 6.21 for beams C-25 through C-28. Owing 
to the variable distribution of shear in the span and to the unequal spacing 
of the studs in the plate, the concept of average load per stud had no mean-
ins in this case; thus, it was considered convenient to present these curves 
in terms of the total load carried by the main span of these beams. 
(b) Movement of the Point of Contraflexure. The origina.l position 
of ,the point of contraflexure corresponding to each of the two different 
loading arrangements used was determined as shown in Fig. 6.22 for beams 
C-lO and C-12 and in Fig. 6.23 for all other beams. These positions corres-
pond to the first stages of loading, in which the load on the cantilever was 
twice the value of the individual loads applied on the main span. After yield-
ing of the negative moment reinforcement was obtained over the restrained 
support in any of these beams I a. further increase of load on the main span 
caused the point o~ contraflexure to move closer to the restrained end as 
the region of positive moment was extended. 
The distributions of negative and positive moments, at yielding 
over the restrained support and at ultimate load, together with the corres-
ponding shifts of the point of contraflexure, are shown in Fig. 6.24 for beams 
C-25 through C-28. 
( c ) Loads Ac t ing on the studs. The calculation of the shear loads 
acting on the studs was based on the strain measurements made at the bottom 
face of the steel plate at several sections, ShO\iO in Figs. 6.7 through 6.10 
for beams C-25 t~ough C-28, respectively. From the strain readings recorded, 
the values of ~e total forces acting in the plate at those sections were 
deter.mioedby using the following expression: 
where 
T = E FA 
av 
T = total force in the steel plate, in Ib, 
€ c average strain in the section, as measured by two strain gages 
av 
across the width of the plate, 
E m modulus of elasticity of the steel plate, taken as 30,000,000 
psi, 
A = cross-sectional area of the steel plate, equal to 3 sq. in. in 
all spec imens • 
T = e x 9 x 107 av 
The shearing load on a stud or group of studs was then computed as 
the difference between the calculated forces in the plate at the adjacent gage 
lines on both sides of the stud or group of studs. 
Tbe "measured" tension in the plate and the distribution of shear-
ing forces on the studs a.t an early stage of loading before any slip was 
recorded, and subsequent redistributions of both tension in the plate and 
load on the studs, are shown in Figs. 6.25 through 6.28 for beams C-25 through 
c-28, respectively. Here, four levels of loading were considered: before 
any slip was developed, at first slip, at an intermediate load, and at ulti-
mate load. The friction developed between the concrete and the steel plate 
over the be'aring block at the restrained end provided an additional anchorage 
to the plate. The load transferred through this anchorage was considered 
also and its-approximate value is shown for beams c-26 through c-28 in the 
figures mentioned. 
It should be kept in mind that stud loads, as computed here, are 
probably only approximate since the plate strains on which they are based 
were measured at the bottom f'ace of the plates only. Axial strains in the 
plate could have been somewhat different, due to the variation of strain 
across the thickness of the plate produced by local bending, especially in 
the vicinity of studs and at large slips. 
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The loads per stud at the first two locations from the north end 
were not determined because the bearing block used under the support covered 
most of the area between these studs, and it was considered that if strain 
gages were placed just to the outside of the bearing block they would be so 
close to the studs that their readings would be affected by-the local distor-
tion of the plate in that region. MOreover, because of the close spacing of 
studs ~ this region, little slip was developed and a considerable share of 
the shearing force was consequently resisted by bond, rather than by the studs. 
As shown in Fig. 6.25, the load per stud at ultimate reached a maxi-
mum value of 14 kips in beam C-25 at the first line of studs from the restrained 
end.. Also I the shearing force acting on the studs in the second line reversed 
direction at the second stage of loading shown as a. result of the slip recorded 
at the 1. ine of' c ontraflexure • 
In beam c-26, the maximum load. per stud at ultimate at the first 
line of studs was about 12.5 kips also. Since no strain gages were used on 
the steel plate in the overhang, the values shown in Fig. 6.26 for the shear-
ing force taken by .friction at the restrained end are a minimum; they would be 
larger if the steel plate was acting in compression. It can be seen that the 
friction developed over the support provided a positive anchorage for the 
steel plate, and that its action was equivalent to that of several studs. 
The stress in the steel plate in the cantilever region was computed 
from stra.in readings for beams C-27 and C-28. As shoim in Figs. 6.27 and 6.28, 
the corresponding compressive forces in the plate decreased after the first 
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loading stage to approximately constant values. It is apparent, then, that 
at the beginning of the test the plate was acting in compression adequately, 
but afterwards the loss in bond caused by slip reduced the compressive force 
to a certain value, depending on the anchorage provided by the studs at the 
free end of the beam. In beam C-27, a load per stud of 24 kips was obtained 
at ultimate on the studs forming the second line from the restrained support. 
Large f~exural cracks that developed in the midspan region were probably the 
cause for the high loads obtained at those studs. At the next line, the 
third from the restrained support, the load per stud at ultimate was about 13 
kips. A large shearing force was carried by friction over the continuous 
support in this case also. 
In beam C-28, the pattern of variation of the load per stud at dif-
ferent load levels was very similar to that of C-27. Before yielding of the 
negative reinforcement could be developed, the plate slipped in the overhang 
and reduced the comPressive ~orce carried by it to a small value. Thus, both 
C-27 and C-28 can be considered as acting practically without compressive 
reinforcement at the time they yielded over the restrained support. This 
reduced appreciably the load. carrying capacity at the overhang. 
6.6 Modes of Failure and Discussion of Results 
As mentioned earlier, beam C-lO failed in shear in the overhang 
while the test of C-12 was discontinued as soon as yielding over the restrained 
eDd was produced. Beams C-18 , C-19, and C-20 all failed in shear at the simply 
supported end, owing to the excessive slip allowed by the shear connection in 
that region. The slip values recorded in Table 6.2 correspond to the load 
increment immediately before that which caused failure of the beam. Much 
larger valuea were recorded after failure in these beams but they are not 
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significant.. Beam c-24 failed in shear 1 near the restrained end, when the 
observed slips, both at the point of contraflexure and at the free end of the 
beam" were quite low; in fact 1 almost negligible. 
As the causes for failure of these six beams were other than inade-
quate connection of the steel plate to the concrete in the vicinity of and 
beyond the point of contraflexure, they will not be discussed in detail. Never-
theless, it might be desirable to mention the following: As shown in Table 
6.2, the slips at failure at the simply supported end of beams C-lB through C-20 
were in the range 0.01 to 0.02 in., while beams c-26 through c-28 did not fail 
at that end even at higher slips (values of 0.03 to 0.045 in. were recorded in 
these beams at the simply supported end). The reason for this was that, even 
though slip values were larger, this last group of beams was provided with 
stirrups that prevented the development of shear cracks up to larger values of 
slip than were attained. It might be desirable also to note that the somewhat 
smaller value of slip at failure of C-lB, and the higher load carried by this 
beam in relation to the corresponding values of bearnE C-19 and C-20, might be 
due to the additional stirrup that was welded to the simply supported end of 
beam c-18 and which acted both as web reinforcement and as a shear connection 
between the concrete and the steel pIa tOe. 
The failures of beams C-25 through C-2B were due primarily to exces-
sive slip, resulting from overloading of the studs anchoring the plute at and 
: beyond the point of contraflexure. This excessive slip allowed shear or flex-
o ure cracks already present in the beam to open wider, ul tirnately causing crush ... 
ing of the concrete in the compression zone. Thus, two types of failure were 
obtained, both due to· excessive slip: a simple bond failure, in which the 
, concrete crushed at the top of a flexural crackj and a bond-shear failure, 
designated as "B-SII in the table, in which the beam failed in shear but only 
as a consequence of the primary bond failure. 
Beam C-25, in which the steel plate was cut off at a section four 
inches inside of the restrained end, and which had only two studs at the point 
of contraflexure and none beyond. it J failed in bond just before it could yield 
at the restrained end. The total load carried on the main span at ultimate 
was 54 kips. At failure, the concrete crushed on top o.r the wide crack that 
developed close to the third load from the simply supported end, and the steel 
plate separated completely from the concrete in the region between the crack 
and the cut-off section of the plate, as shown in Fig. 6.29. 
In beam C -26 the plate was extended through the ent ire length of 
the beam and was anchored at the free end of the overhang by two studs. The 
beam failed in bond .. the main crack being located close to the third load from 
the simply supported end, as in beam C-25, and the total load on the main span 
at failure was about 112 kips. 
Beam C-27 was similar to c-26 but had two additional studs 10 in. 
beyond the point of contraflexure. This beam had a s imul taneous bond and 
bond-shear failure, as shown in the photograph of Fig. 6.31. Crushing of the 
concrete can be observed at midspan just over the main flexural crack and over 
the bearing plate at the restrained end. The shear crack extended between 
the restrained support and the sec ond loading block from it J and complete 
separation of the concrete and the steel plate was developed in the region 
between the restrained support and the main flexural crack. The total load on 
the main span at failure was about llO kips. 
Beam'C-28, in which the two additional studs were located 5 in. beyond 
the inflection pOint, failed when the total load carried by the main span was 
about 106 kips. This beam bad a typical bond-shear failure, as shown in Fig. 6.30. 
Now, considering the results shown in Table 6.2 for these four 
beams 1 it can be seen that the total load on the main span at which the beams 
yielded over the restrained support varied rather widely 1 although the area 
of' negative steel provided was the same in all these beams. These variations 
might be due to the following reasons: 
(a) Variations in the internal moment arm due to differences in 
the effectiveness of the steel plates acting as compressive reinforcement. 
This effectiveness depended on the anchorage provided and ~he slip developed 
between the plate and the concrete and these varied for the different beams. 
Thu~ the internal moment arm could vary between that of a section without 
compressive reinforcement, as in beam C-25, and that of a section in which 
there was perfect bond between the steel plate and the concrete up to yield-
ing over the restrained end. 
(b) Variations in the effective length of the overhang due to the 
rigidity of the bearing plate used at the supports. This effective length 
. could easily vary between 32-3/8 in. and 35-3/8 in. 
(c) Variations in the yield point of the negative steel reinforce-
ment used in the different beams. The lowest value recorded for this group 
was 40,900 psi, for beam C-27, and the highest was 46,500 psi, for beam c-28. 
All these factors combined could produce variations in the total 
load carried on the main span at yielding over the supports of the order 
observed in the table. It should be noted that, up to yielding of the beam 
over the restrained support, a fixed ratio of 1:3 was maintained between the 
load on the cantilever and the total load applied on the, main span. It is 
thus possible ~o express the loading condition that produced yielding over 
the support in terms of' the total load on the main span 1 ra ther tha.n in terms 
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of the load on the cantilever; such values are more easily c~ared with the 
total load carried Oll the m.in span at ultimate. 
By comparing the results obtained in beams C-25 and c-26, it may be 
seen that the additional anchorage provided in C-26 by the friction developed 
between the steel plate and the concrete over the restrained support increased 
the total. load carried on the main span at ultimate from 54 to ll2 kips. As 
these two beams failed in bond, the additional anchorage provided in c-26 pre-
vented·the development of slip large enough to cause failure until a much 
higher load vas attained. 
The ratio between the load carried on the main span at ultimate to 
that at yielding over the restrained support was 1.86, 2.75 and 2.58 for be~ 
c-26, C-27 and C-28, respectively. Thus, the additional pair of studs pro-
vided in the last two beams as compared to c-26 accounted for an increase in 
this ratio of the order shown. In addition, the type of failure changed from 
bond failure in c-26 to bond-shear failure in the last two beams and. the maxi-
mum values of slip recorded were smaller in these two beams than in c-26. Again, 
it should be noted that the slip values shown in Table 6.2 correspond to the 
load immediately before that which caused failure of the beams. 14uch larger 
values were recorded after the cracks opened up but they are not significant. 
It is apparent, therefore, that the two additional studs retarded the develop-
ment of a large bond crack even though the beams failed in shear, but as a 
result of the increase in loading and the slip already present. 
These results show that the additional anchorage provided in C-27 
and C-28 was adequate to prevent a simple bond failure. However, these results 
should be considered qualitatively only since the numerical values obtained 
for the ra.tios of load on train span at Ultimate to that at yielding over the 
restrained support depend on the amount of negative steel provided, the area 
of the steel plate and the size, number and location of the welded studs 
provided as shear connectors. 
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CHAPrER 7 
ANALlTrCAL srUDIES OF HORIZONTAL SHEAR IN FUT SLABS 
1.1 Object 
The object of this part of the investigation was to determine the 
horizontal shearing forces that must be resisted in a uniformly loaded flat 
slab of the type in question and the location of the line of inflection. The 
effect of the variation of the size of the capital on the values of the hori-
zontal shearing forces and on the location of the line of inflection was also 
studied. 
1.2 Scope 
A typical interior panel of a uniformly loaded flat slab was ana-
lyzed in this study. The slab was considered to be supported on square column 
capitals. The analyses were made for two different sizes of column capitals, 
the ratios of the width of the coiumn capital to the span length being taken 
as 0.25 and 0.125. 
1 · 3 M=thod of Analys is 
The ordinary theory of flexure of slabs was used to compute the 
deflections, curvatures, moments, and the magnitude and direction of the 
resultant horizontal shearing forces between the concrete slab and the steel 
plate. 
The ordinary theory of flexure of slabs is based on the following 
assumptions : 
(l) The stresses acting on any cross-section have no resultant 
force in the direction of the plane of· the slab. 
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(2) The slab is loaded only by forces normal to its plane. 
(3) The slab is of constant thickoess of homogeneous, elastic, 
isotropic material. 
(4) The strains and detrusions in the plane of the slab vary 
linearly through the depth of the slab. 
The following notation is used: 
x, y = horizontal rectangular coordinates, 
z = the vertical deflection, in inches; taken positive downward, 
w = the distributed load} in lb per sq ft} 
Vx = the vertical shear per unit width on a~section perpendicular 
to x-axis, in Ib per ft of ,.,idth, 
Vy = the same on a section perpendicular to the y axis, 
M = the bending moment per unit width on a section perpendicular 
x 
to x~is, in Ib, or ft-lb per ft of widthj ~ is positive 
when it causes compression at the top, 
M = the bending moment per unit width on a section perpendicular y 
to the y-axis, 
~ = the twisting moment per unit width on sections perpendicular 
to x and y; ~ is positive when it causes compression at the 
E 
I 
top along a diagonal line x = y, 
= the modulus of elasticity of the material of the slab, in psi, 
= the moment of inertia of the slab per unit width, in in. 3, 
= Poisson's ratioj the ratio of lateral contraction to the 
longitudinal elongution, taken as zero in this analysis. 
On the basis of the assumptions made, the relations between the bend-
ing and twisting moments and deflections are: 
and if ~.:: 0 
EI ~ :: - 2 
1 - ~ 
~ c - EI 2 1 ... J.L 
~c EI 1 + J.A 
2 
M = -EI d Z 
x ax2 
2 
M = -EI 0 z 
Y dy2 
2 ~.= -EI ~ 
2 2 (0 Z + ~ 0 z) 
ax2 ay2 
(a2z + ~ "02 z ) . 
Oy2 ax:2 
02z 
~ 
and the relations between shears and deflections are: 
2 2 
V :: _ EI 0 (a Z + 0 Z) 
x 1 _ ~2 ax ax2 ay2 
2 2 
V :: _ EI d (0 Z + 0 z) 
y 1 _ ~2 dY ax2 ay2 
and if ~=o 
2 2 
V ::: -EI 0 (" z + 0 z) 
Y dY ax2 dy2 
SUbstitution of moments and shears expressed in the above equations 
into the equation of statics for the equilibrium of elements of the slab gives 
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the following equations. 
4 04 z a4z 2 d Z + 2 ~l - ~ l 
Ox4 ax2 ay2 + ::-4 :1:11 EI 
w, 
Oy 
or if J.I. ::: 0 
4 a4 z 4 o Z + 2 d z w 
ax4 ax2 ay2 + ~4:: EI 
This is the fundamental equation for the flexure of the slab. 
The above equation can be solved numerically by the method of' finite 
differences. If the slab is divided into a network of small squares by lines 
parallel to the x and y axes I the :fundamental equation for the flexure of the 
slab for point 0 can be represented as follows: 
+1 
+2 -8 +2 
+1 -8 +20 -8 +1 
0 
( 2 4 
:::1 - J.l ) wA 
EI 
+2 -8 +2 
+1 
The equation represented graphically in the sketch above relates 
the deflections at 13 points surrounding point 0 to the magnitude of the load 
~ at point o. The left-hand side of the equation consists of 13 terms, each 
involving the product of the coefficient shown on the sketch and the value of 
the deflection z at the point corresponding to the coefficient. The 
equation shown by the sketch is for a typical interior point; the equations 
. ;for points near a support are different in form but similar in principle. 
If the slab bas been divided into a network having N points of inter-
section, there will be N such difference equations which can be solved simul-
taneously to yield the N desired deflections at the points of intersection • 
. Once the deflections are known, the curvatures may be evaluated by numerical 
differentiation and the moments and shears obtained from the equations given 
previously. 
In a slab reinforced by a steel plate, it is desired to compute the 
total horizontal shear between the steel plate and the concrete, since this 
shear represents the force to be resisted by the shear connection. This 
shear can be related to the vertical shear as follows: 
Consider an element of the steel plate with dimensions dx by dy and 
thickness t. The stresses acting on the plate are shown in Fig. 1.1. The 
net normal forces acting on the plate· in the x and y directions are 
These net forces must be transferred fram the steel plate to the concrete by 
means of horizontal shear stresses, or bond stresses, which may be expressed 
as follows: 
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where u and u are the unit horizontal shearing stresses in the x and y dir-
x y 
ect1ons, respectively. 
However, the stresses in the plate can be expressed in terms of the 
moments and cross-sectional properties, as follows: 
cr 1\ 
x 
- tjd 
M 
a =~ y tjd 
l' =~ xy tjd 
If these expressions are substituted into the equations for u and u , one 
x y 
obtains: 
since the terms in the parentheses are equal to the vertical shears according 
to the ordinary theory of flexure for slabs. Thus, 1 t has been found that the 
relation between vertical and horizontal shear in the slab is the same as that 
for beams. 
The resultant horizontal shearing stress u is 
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7.4 Analysis of a Typical Interior Panel 
The finite difference c.:-nalysis described in the preceding section 
has been applied to a typical interior panel of a uniformly loaded flat slab. 
Two separate analyses have been carried out on the following basis: 
(1) The slab panel has been divided into sixteen divisions in each 
direction. 
(2) The colunm capitals have been taken as square. 
-(3 ) The column capitals have been assumed to be infinitely rigid. 
(4) The ratio of the width of the column capital, c, to the span 
length, L, has been taken equal to 0.25 in the first analysis 
and 0.125 in the second. 
Figure 7.2 shows one octant of the typical interior panel with the 
network used for the first analysis (c/L = 0.25). The points of intersection 
are numbered. Since the slab is symmetrical about the vertical, horizontal, 
and diagonal axes, only this portion of the slab need be analyzed. For the 
39 pOints shown, there are 39 equations with 39 unY..IlOWIl deflections. These 
equations were derived on the basis of the difference equation discussed in 
, the preceding section. 
For the second analysis, with a clL ratio equal to 0.125, a similar 
network was-used, the only difference being the number of points involved in 
the analysis. Points a, band c (see Fig. 1.2), that were assumed fixed in the 
first analysis, will deflect through certain distances in this case, so three 
additional equations were established to obtain finally 42 equations with 42 
unknown deflections. 
These, equations were solved simultaneously by the ILLIAC, a high-
speed d~gital computer, yielding the deflections at the intersection points 
74 
considered. The vertical shears were then computed at each point of inter-
section by ntunerical differentiation, and the horizontal shears were obtained 
from the expression given previously. 
7.5 Results of Analyses 
The magnitudes of the horizontal shears in the x and y directions 
at each point of the network are slwwn in Fig. 7.) for c/L = 0.25, and in Fig. 
7.4 for c/L = 0.125. The magnitudes and directions of the ~esultant horizontal 
shears are shown by arrows. All shears in both figures are expressed as dimen-
sionless coefficients to be multiplied by the quantity wL/jd, where all quanti-
ties are expressed in consistent units. 
In Figs. 7.5 and 7.6 contours of equal values of the resultant hori-
zontal shear are plotted for the same panels us in Figs. 7.3 and 7.4, respec-
tively. . The contour values are coefficients of wL/ jd as before. Grid lines 
at a spacing of L/16 in each direction have been superposed on these figures 
for convenience. To obtain the horizontal shear at any point in the panel it 
is necessary only to determine the coefficient at that point by interpolation 
on Fig. 7.5 or Fig. 7.6, according to the C/L ratio of the flat slab considered, 
and multiply by wL/jd. For \{ = 2.5 kips per sq ft; L = 12.5 ft, and jd = B.o 
in. = 0.67 ft, the factor becomes 46.85 kips per square foot, and the horizontal 
shear at any point is this value times the coefficient from Fig. 7.5 or Fig. 
7.6. 
The pOSition of the line of inflexion in both cases has been deter-
mined by interpolation based on the principal moments computed at the points 
of intersection. Interpolation was made along the x, y and diagonal axes. 
For comparative purposes, the distribution of the resultant hori-
zontal shear along a.n edge, center line, and diagonal of a typical interior 
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panel, and the position of the line of contraflexure are shown in Fig. 7.1 
for the two cases studied. 
From the locations of the lines of contraflexure shown in Fig. 1-1 
it can be seen that, along any axis of symmetry, the ratio between the dis-
ta.nce from the line of contraflexure to the edge of the corresponding capital 
to the ,span length L is approximately constant and equal to 1/6 L, for values 
of clL in the range 1/4 to 1/8. Then, the approximate location of the line 
of contraflexure for a square plate with a clL ratio in this range can be 
drawn by locating points along the axes of symmetry of the slab at a distance 
1/6 L from the edges of the capital. The corresponding values of the shear- ' 
ins forces in that case can be found by interpolation between the values given 
in Figs. 7.5 and 1.6. This interpolation can be based on the relative position 
of the line o£ contraflexure corresponding to the elL ratio considered, with 
respect to those ShO,ffi in Fig. 1.1 for elL equal to 0.25 and 0.125 . 
. The two analyses reported in this chapter were based on the assump-
tioD that the square column capitals are infinitely stiff; that is, the slab 
bas zero deflection and zero slope at the edge of the capital and at all points 
over the capital. The type of capital proposed with this type of flat slab 
construction is quite stiff, but it may not seem reasonable to assume it infin-
it ely stiff over its entire area and especially at the corners. However I if 
we consider the proposed slab, in which the c/L ratio is about 0.22 1 it is 
obvious that the effect of deviations of the real stiffness at the corners of 
the capitals from the infinite value assumed in the analyses ,,,ill not be as 
great as that of reducing the clL ratio from 0.25 to 0.1.25. Furthermore, by 
observing t~e variations in the location of the line of contraflexure and in 
tbe values of the horizontal shearing forces due to the change in the size of 
the capital, as shown in Fig. 7.7, it is apparent that this change affects 
only the values of the shearing forces around the capital and the position of 
the line of contraflexure. The values of the shears beyond. the line of contra-
flexure, which are those of greatest interest, since the steel plate is relied 
on as reinforcement for positive moment only, do not vary greatly \{ith a change 
in the size of the capital. Thus, if it is considered that the corners of the 
capital are not infinitely stiff and that they may deflect, the lines of con-
traflexure will move a certain amount towards the capitals J -and the values of 
the corresponding shearing forces can then be found by interpolation between 
the curves given in,Figs. 7.5 and 7.6. 
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CHA.PI'ER 8 
REXJOMMENDED DESIGN CRlTERIA FOR PIATE-REINFORCED PUT SIJU3S 
8.1 ~sign of Flat Slab for Moment 
It is assumed that the design of the slab will be made for a load 
expected to produce yield ra~her than for working stresses. The continuous 
steel plate will be depended upon to resist tension stresses resulting from 
positive moments and conventional reinforcing bars will be provided in the 
top of the slab to resist" tension stresses caused by negative moments. 
In the analyses made to determine the horizontal shearing forces 
in the :flat slab resulting from a uniform loading, the bending moments pro-
duced at the points of intersection of the network were computed as a pre-
vious step in the determination of the vertical shearing forces acting on the 
slab. These moments were computed from the deflections determined by the 
solution of the simultaneous difference equations, by means of the formulas 
and 
2 
M ::: -EI a z 
-x ax2 
2 
M = -EI () z 
·Y ay2 
2 0 2 2 
where d Z/d(L and a z/qy were evaluated by numerical differentiation. 
The ~dlues obtained for the moments across several sections were 
plotted to determine the location of the critical sections for the design of 
the flat slab. This study showed that there are three criticul sections in a 
flat slab of this type: the midspan section, which is critical for positive 
moment" and the sections through the edges of the column capitals and through 
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the column lines which are critical for negative moment. These sections are 
designated as ab, ~, and ~, respectively, in Figs. 8.1 and 8.2, where the 
momenta obtained in the analysis were plotted for the two slabs studied in 
this chapter. 
The moments presented in these figures have been plotted as blocks 
because, according to the numerical differentiation method used, the moments 
computed at each point or intersection are constant over a width equal to pne-
half the square length, A, at each side of the point considered. It should be 
noted that the solution of the simultaneous difference equations established 
does not correspond exactly to a .flat slab, but to a grid structure with con-
centrated flexural and torsional rigidities equivalent to those of the flat 
slab. 
Study of the results presented in Figs. 8.1 and 8.2 shows that while 
for positive moment the critical section is always that at midspan (section ab) 
the maximum negative moments are obtained across the section cde, along the 
edge o~ the column capital, up to a certain distance from the corner of the 
capital, beyond which the max~ negative moments become those across the 
column line section ~. 
For a flat slab structure consisting of a large number of square 
panels, with square column capitals, and with all panels uniformly loaded, 
the total moment in a typical interior panel is given by: 
where 
1 3 [ c C)3] Mo == B' wL 1 - 2(r:) + (1: 
Mo == the sum of the positive moments at midspan and the negative 
moments across the column lines and across the edge of the 
column capitals. 
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w = the uniformly distributed load per unit of area 
L = the span length. 
c == the overall width o.f the square column capital. 
This expression is based on the assumption that the shear around 
the colunm capital is concentrated at the corners. It is eq,uivalent to the 
well-known expression 
which gives the total moment in a typical interior panel of a slab with cir-
cular column capitals of diameter £, on the assumption that the shear is uni-
formly distributed around the capital. 
The ACI Building Code permits designs to be made for a total moment 
Mb as given by the following expression: 
M' = 0.09 wL3 (1 - 2/3 c/L)2 
o 
This moment is ~~praximately 12 percent of the true static moment correspond-
iDg to a flat slab supported on circular column capitals. Its use is not jus-
tified on the basis of tests to ~ailure of actual structures in which all 
panels are loaded, although test.s with partial loadings have shown an adeq,uate 
factor of safety for designs based on this reduced moment. The reduction in 
design moment has also been justified on the basis that a considerable portion 
of the moment is resisted at working loads by tension in the concrete, espe-
cially when the steel percentages are low as they frequently are in flat slab 
structures. 
In Vi~w of the fact that the type of structure considered herein is 
being designed for yielding and not for working loads, and since it is known 
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that all panels will be loaded uniformly" there is no rational or empirical 
justification for basing a design on a moment less than that which it is 
known will be produced. Design for 72 percent of the static moment will cause 
general yielding of the negative moment reinforcement at about 72 percent of 
the design load. Such yielding will not necessarily cause failure, but under 
additional load the positive moment and the horizontal shears for which the 
shear connection must be designed will increase sharply. Moreover J the possi-
bility of shear failure a.round the colunm capital is greatly enhanced by exces-
sive yielding and deformation in that region. 
The reinforcement of the slab for positive moment is not critical 
since the area provided by the plate is ~uite large and the positive moments 
are significantly less than the negative moments. The stresses in the plate 
due to' positive moment \fill therefore be very sms.ll when failure occurs by 
yielding of the negative moment reinforcement. For this reason, the local 
bending stresses resulting from the use of the steel plate as a form may be 
allowed to reach fairly high levels. Actually, the presence of forming 
stresses approaching the yield point of the plate would have little effect 
on the behavior of the structure, so long as shear connectors capable of pre-
venting vertical separa.tion of the concrete and the plate are provided at 
relatively close intervals. It is recommended, however, that the forming 
stresses not exceed about 25,000 psi. Actually, the manner of shoring the 
plate will be governed in most cases by the desire to limit deflections 
'b 
rather than by any such limit on local bending stresses. 
For negative moment, the design of the reinforcement should be based 
on the :maximum moments produced at any section of the slab, rather than on 
those obtained across the coiumn line sections. If we consider the slab 
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divided into column strips, extending one-quarter the span each side of the 
column centerlines, and a middle strip, comprising the remainder of the sec-
tion, Figs. 8.1 and 8.2 show that the maximum negative moments in the column 
strips occur across section cde through the face of the column capital, and 
across the column line section !£ in the middle strip. Actually, the change 
in the location of the critical section does not take place exactly at the 
line dividing the column and middle strips, but this division can be considered 
sufficiently accurate. 
In order that the slab will not yield until after a certain uniform 
load is applied to the structure, the design should be based on the moments 
computed at the critical sections. Thus, the flat slab must be designed to 
resist the moments shown below the shaded areas of Figs. 8.1 and 8.2. These 
moments will add up to something more than the full static moment M 1 because 
. 0 
the moments across section ~ in the column strip are larger than those at the 
corresponding points on the column line section !a. 
The distribution of maxtmum negative moments across the slab can be 
determined from the results plotted in those figures. Values of the total 
negative moment corresponding to each strip, and for which the design should 
be made, are given in the following table, expressed as function of the full 
static moment M • 
o 
MA 
-~/ 
·Mc 
~ 
TABLE 8.1 DISI'RIBurION OF NEGATIVE mMENl'S 
Total M:mlent to pe Resisted 
c/L=0.25 c/1;=0.22 c/L=O.125 
0.30 14 0.31 Mo 0.33 M 0 0 
0.21 M 0.19 M 0.14 Mo 0 0 
0.16 M 0.16 M 0.17 M 
0 0 0 
0.67 M 0.66 M 0.64 Mo 0 0 
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where ~ = total negative moment across a strip extending 1/8 L each side 
of the column centerline. 
Mg = total negative moment across the remainder of the column strip; 
that is, in two strips each 1/8 L wide, each side of the foregoing 
strip. 
MC = total negative moment across middle strip. 
MN = total negative moment for which reinforcement should be provided. 
The values corresponding to a flat slab with a c/L ratio equal to 
0.22 were determined by interpolation. 
Although it is COIImlon to space the reinforcement evenly across the 
column strip, the results of the analyses show that the maxinrum negative moments 
vary greatly across the column strip. This agrees with results of theoretical 
analyses llJ3.de by westergaard (Ref. 4) I as well as with those obtained by model 
analysis (Ref. 5). 
The placement of the negative moment reinforcement which would be 
.called for by Westergaard's analysis and by the ACI Building Code is sun:nna.-
rized in the following table: 
Section Moment to be Resisted 
Column Strip wester§aard ACI 
Across capital 0.40 M 
0 
Outside capital 0.08 M 
0 
Total in column strip 0.48 M 0.46 M 
0 0 
Middle Strip 0.17 M 0.16 M 
0 0 
T0t.¥/Negative M:lment 0.65 M 0.62 M 
0 0 
The concentration of reinforcement over the column capital called 
for by Westergaard's recommendations is probably extreme since in most cases 
it is equivalent to providing nearly uniform resistance over the entire por-
tion of the section outside the capital, including the middle strip. However, 
Bowen and Shaffer in Ref. 5 have suggested that two-thirds of the moment 
, assigned to the column strip be resisted by steel placed in the central half 
of the,column strip_ This recommendation seems quite reasonable and in gen-
eralagreement with the trend of the moments as indicated by the results shown 
in Table 8.1. 
Since the slab is being designed .for yielding, and since yield will 
occur over the columns at loads much lower than the design yield load if con-
ventional steel placement is followed, it is recommended that the reinforce-
ment be placed according to the coefficients given in Table 8.1. For slabs 
with clL ra.tios different from thos~ shoWn in the table, but in the range 
0.125-0.25, the corresponding coefficients can be obtained by interpolation. 
Thus, the desien of the flat slab should be based on the coefficients 
given in Table 8.1 in the following manner: 
(a) Prav'ide negative reinforcement for a total moment MA, as given 
in Table 8.1, in a strip extending 1/8 L each side of the column 
centerline. 
(b) Provide negative reinforcement for a total moment ~J as given 
in Table 8.1" in the remainder of the column stripj that is, 
in two strips each 1/8 L wide, each side of the strip in (a). 
(c) Provide negative reinforcement for a total moment MC' as given 
in Table 8 .. 1; in the middle stripi that is in a strip 0.50 L 
wide midway between columns. 
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8.2 Vertical Shear at Column Capital 
Although the question of strength in shear or diagonal tension at 
the column capital is outside the scope of this project, a preliminary study 
was made for comparison with the test results and empirical procedures pre-
sented in Ref. 6. The shearing stress V2 on the section at the edge of the 
column capital was computed for the following conditions: 
L = 12.5 ft 
c :: 2.75 ft 
w = 2500 lb per sq ft 
d = 7.5 in. for negative moment steel 
The nominal unit shearing stress V2 is given by 
v' V 
2 = 7/8 bd 
where V is the total shearing force around the capital and b is the perimeter 
of the capital. Thus 
and 
v :: W (L2 _ c 2 ) 
b ~ 4c 
For the values considered above, this expression gives V2 = 429 psi. 
According to Ref. 6, the ultimate shearing stress for slabs without 
shear reinforcement can be expressed as: 
in which cp is the ratio between the ultimate shear capacity and the ultimate 
o 
flexural capacity computed without regard to shear. 
We are interested only in determining the approximate value of the 
factor of safety against a shear failure in order to know whether or not a 
failure in shear might occur before yielding of the slab. If we assume that 
the slab will be designed to yield under the load of 2500 lb. per sq ft, its 
factor of safety against a flexural failure will be 1.0. 
as a. first trial, and assume f' ~ 4000 psi, we get: 
c 
since 
~ = 34033 + 0.046 =: 0.129 f 00 
c 
v2 429 
~=4000= 0.107 
QJo 
:= 0. 122 
= 1.2 0.107 
Then J if we take ~ = 1 o 
If this revised value of, is substituted back into the original 
o 
formula we obtain a new value of' v 2/f ~ • After several trials we obtain a 
final value of ~ equal to 1.15 which indicates that the shear capacity of the 
o 
sla.bwill be about 15 per cent greater than its flexural capacity. 
Similar computations for f' equals to 3000 psi and 5000 psi yield 
c . 
approxi.mate values o.r the factor of' sa.fety against a shear failure equal to 
1.08 and 1.22, respectively. 
These results show that although the slab will probably yield before 
a shear type of failure is produced, the factor of safety against this type 
of failure will be only slightly greater than 1.0. 
8.) DeBi&? of Shear Connection 
These recommendations for design of the shear connection have been 
, based on two major ass~tions: (1) that the design is to be made for the 
load causing yielding oi.' the negative moment reinforcement, and (2) tr~t the 
steel plate is to be depended on as reinforcement only in the positive moment 
region. 
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Three aspects of the design are covered. in the following paragraphs: 
(a) Specification of the horizontal shearing forces which the shear 
connection must be designed to resist. 
(b) Specification of the design loads for the recommended welded 
studs. 
(c) Recommendations regarding the maxinrum spacing of the studs in 
regions of low shear and their extension beyond the points of 
contraflexure. 
(a) Horizontal Shearing Forces. For a uniformly loaded square 
interior panel, the magnitude of the horizontal shearing force between the 
concrete slab and the steel plate at any point in the panel may be obtained 
by interpolation from the contours given in Figs. 7.5 and 7.6, according to 
the clL ratio of the fla.t slab considered. The numerical value of the shear-
ing force at any point in the panel is obtained by multiplying the coefficient 
for that point on the corresponding figure by the quantity wL/ jd. The load w 
should be that corresponding to yielding, and the quantity jd should be deter-
mined as for conventional reinforced concrete sections, assuming no tension 
in the concrete and. considering the full area of the plate as tension rein ... 
forcement. 
The shears given in Figs. 7.5 and 7.6 are based on elL ratios equal 
to 0.25 and 0.125, respectively. Values of shearing forces for slabs with clL 
ratios other than these can'be obtained by interpolation from the values given 
in the two ~lgures mentioned. 
(b) Design Loads for Welded Studs. For designs based on yield, the 
design load for the welded stud shear connectors should be taken equal to the 
"cr it icaJ. load" , as discussed previously in Chapter 4. This critical load, for 
studs up to 1 in. in diameter and 4 in. high, is given by the following expression: 
where 
~' Q = 21 d2 c cr 4000 
o ::: the critical load-carrying capacity of one stud, in kips, ~r 
d :: the diameter of the stud, in inches, 
f' ::: the concrete strength, in psi. 
c 
Recent investigations have been conducted at the University of 
Illinois by Dr. I. M. Viest to determine the effect of the height of the 
studs on the values of the critical loads. It was found that the critical 
load, or "useful capacityU of the studs is independent of their height when 
the ratio Hid, height of the stud to its diameter, is equal to or greater than 
4.2. For studs with an Hid ratio less than 4.2, the useful capacity decreases 
in proportion to the decrease in height. 
From the results obtained, Viest gives the following t,,,o formulas 
for the critical load or useful capacity of welded studs: 
For studs with Hid ratios equal to or greater than 4.2 (long studs): 
For studs with Hid ratios less than 4.2 (short studs): 
~c = 79 Hd j f ~ 
where ~c :: the "useful capacityu or "critical load" of the stud, in Ib 
H :: the he ight of the stud, in in. 
d = the diameter of the stud, in in. 
fl = the concrete strength, in psi. 
c 
The first formula corresponds to that of ~r given above, and 
actually, is the same formula expressed in a different form. The second for-
mula is,,entiXely new. 
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In the investigation covered in this report, all the studs used were 
4 in. high, and the H/d ratio was always over 4.2. No "short studs" were 
tested. However, considering the general agreement obtained in the values 
of the critical loads for Itlong studs" with those given by Viest's formula, 
and the similarity of criteria for the determination of the critical load, it 
is logical to adopt his second formula as a satisfactory representation of the 
critical load for "short studs". 
The recommended design loads for long studs (H/d equal to or greater 
than 4.2), and for 4oo0-psi concrete are then: 
For 3/4-in. studs: 11.8 kips per stud 
For 5/8-in. studs: 8.2 kips per stud 
For 1/2-in. studs: 5.25 kips per stud 
(c) Spa.cin~ of studs. Theoretically, studs are required only in 
those regions of the slab in which one or both of the principal moments are 
positive. There regions coincide approximately with the areas included within 
the "middle strips" in conventional flat slab design. That is, all of the 
panel area except four square areas around the columns bounded by the lines of 
contra.f'lexure. The lines of contraflexure for princ ipal moments are shown on 
Fig. 7.5 for c/L = 0.25, Fig. 7.6 for c/L = 0.125 and Fig. 7.7 for both c/L 
ratios. 
Within the region of positive moment, the studs may be spaced in any 
desited pattern so long as the number of studs per square foot in each region 
is sufficient to resist the shearing force per square foot in that region. 
However, it can be seen from the contours in Figs. 7.5 and 7.6 that the hori-
. zontal shear and thus the required number of studs per square foot becomes 
quite small -in the central regions of the slab. Consequently, if the stud 
require~nts resulting from these figures were followed explicitly, the studs 
could be spaced quite widely in these regions. It is recommended, however, 
that in no case should the studs, of any size, be spaced more widely than one 
stud per square foot. Adherence to this maxinrum spacing will ensure a degree 
t'. 
\ 
of continuity in the shear connection that is necessary to prevent separation 
of the concrete slab from the steel plate. 
Since a shear connection is required only in regions of positive 
moment, theoretically no studs would be needed in the region where both prin-
cipaJ. moments are negative; that is, beyond the line of contraflexure for 
principal moments. However J beca.use the exact location of this lL'1e has not 
been precisely determined for all possible cases, and because the additional 
anchorage provided by those studs beyond the line of contraflexure increases 
the overload capac~ty of the slab after yielding of the negative moment steel, 
as shown in Chapter 6, it seems desirable to extend the shear connection beyond 
the theoretical line of contraflexure. It is recommended therefore that the 
shear connection be extended beyond the theoretical line of contraflexure 
toward the column for a distance of not less than one foot or one-twelfth the 
span, whichever is greater. The spacing of studs in this extended region 
should not be less than that required at the theoretical line of contraflexure. 
That is, as one moves from the center of a panel toward a column, the number 
of studE per square foot should increase in accordance with the horizontal 
shear requireoents until the line of contraflexure is reached; beyond this 
line, the studs should be continued for an additional foot at the spacing 
required at the line of contraflexure. 
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BEAMS WITH WELDED WIRE FABRIC AS SHEAR CONNOCTION 
TABLE 3.1 DErAll..S OF WEWED WIRE FABRIC 
Wires in Lower Layer Wires in Upper Layer 
(Attached to Plate) 
Beam 
Size Spacing Direction Weld to Size Spacing Direction 
(No) (in) Plate (No) (in) 
C-3 000 6 Long. ± 5/8 in. at 4 3 Trans. 
6 in. cts. 
c-4 0 6 Trans. 1 in.' at 000 6 Long. c-4a 
5 in. ets. 
C-5 000 6 Long. 2 in. at 0 6 Trans. C-5a 
6 in. ets. 
c-6 000 3 Trans. 1 in. at 4 6 Long. c-6a 
5 in. ets. 
Note: All welds 1/4 in. in size. 
\0 
\.N 
f:. '. 
Beam 
C-3 
C-4 
c-4a 
C-5 
C-5a 
c-6 
C-6a 
Beam 
C-3 
c-4 
C-4a 
C-5 
C-5a 
C-6 
C-6a 
BEAMS WITH WELDED WIRE FAERIC AS SHEAR CONN:EVrION 
TABLE 3.2 DIMENSIONS OF BEAMS AND PROPERrIES OF MA.TERIALS 
Depth Including Shear Concrete Yield Point 
Plate Thickness Span Span Strength of Steel 
(in) (ft) a (psi) (psi) . 
(in) 
6.25 9·00 36 4755 35,500 
6.25 9·00 36 5060 35,460 
6.25 5·75 34-1/2 ____ * 35,460 
6.25 9·00 36 4950 55,050 
6.25 5·75 34-1/2 ----if 35,050 
6.25 9·00 36 4650 55,100 
6.25 5.75 54-1/2 
----* 35,100 
*No cylinders were tested at the age corresponding to retest of these beams. 
TABLE 3.3 SUMMARY OF RESULTS 
M3.ximum lttl.x. Hor izontal Total Shear Equivalent Bond 
Load Total Shear Necessary to stress, u 
p S Develop the 
(lb) (lb) Yield Point 
(lb) in psi in ~ips/sq ft 
25,000 90,000 106,500 208 29·9 
20,000 72,000 106,380 167 24.0 
29,500 101,780 106,580 246 35.4 
24,040 86,540 105,150 200 28.8 
28,500 98,330 105,150 238 34.3 
29,200 105,120 105,300 243 35·0 
26,960 93,010 105,300 225 32.4 
;'" 
; . , .. I: 1 .,. ':. .' i r .:.. . .' .. : I. ~ 
\0 
+-
ill t. strength 
of steel Plate 
(psi) 
58,300 
58,800 
58,800 
59,000 
59,000 
59, 000 
59,000 
Slip Under 
»ucimum 
Load 
(in) 
0.0390 
0.0512 
0.0231 
0.0365 
0.0260 
0.0012 
0.0046 
{ '. r . ~ t· j ~ . '~J 
· . 
TABLE 4.1 
Depth Incl. 
Beam Plate Thickness Span 
(in .. ) (ft) 
C-1 6.25 9·00 
C-7a 6.25 6.00 
C-8 9·25 B.OO 
C-9' 9·25 8.00 
C-1l 9·25 8·50 
C-13 9·25 9·00 
C-13a 9·25 9·00 
C-14 9·25 9·00 
C-15 9 .. 25 9·00 
C-21 9·25 9·00 
C-22 9·25 9·00 
C-23 9·25 9·00 
BEAMS WITH WELDED STUD SHEAR CONNWrORS 
DIMENSIONS OF BEAMS AND PROPERrIES OF ~ERIALS 
Shear Diameter of Concrete Yield Point 
Span Stud Strength of steel 
a (in.) (in. ) psi psi 
36 3/4 4220 39,700 
36 3/4 5200 59,700 
33 3/4 5960 40,600 
35 3/4 5440 44,500 
33 3/4 5840 43,100 
36 5/B 1460 43,250 
36 5/8 2880 43,250 
36 5/8 3870 43,050 
36 5/8 5440 44,050 
36 1/2 2810 45,400 
36 1/2 4340 46,150 
56 1/2 4930 44,050 
Ul t • Strength 
of Steel Plate 
psi 
60,300 
60,300 
62,200 
62,700 
61,700 
61,400 
61,400 
59,400 
62,400 
63,450 
62,350 
63,750 
\0 
Vl 
No. of 
Type of Studs per 
Beam Loading sq_ ft. 
C-7 at 1/3 pts. 1.0 
C-7a at midpoint 1.0 
c-8 2 pts. ldg. 1.0 
C-9 2 pts. Idg. 2.0 
C-11 2 pts. ldg. 4.0 
C-13 at 1/3 pts. 2.4 
C-15a at 1/5 pts. 2.4 
c-14 at 1/3 pte. 2.4 
C-15 at 1/3 pts. 2.4 
C-21 at 1/3 pts. 3.4 
C-22 at 1/3 pts. 3.4 
C-23 at 1/3 pta. 3.4 
B-S :: Bond-Shear Failure 
F ~ Flexural Failure 
S = Shear Failure 
\, I,' 
BEAMS WITH WELDED STUD SHEAR CONNEVrORS 
TABLE 4.2 SUMMARY OF RESULTS 
No. of M:l.ximum Average Unit Bond 
studs in Total Load per stud stress at 
Shear Span Load P at Ultimate First Slip 
N (Ib) R (lb) U (psi) 
3 13,100 15,100 91 
.) 18,000 21,600 95 
3 28,500 19,600 12l 
6 44,000 16,050 114 
12 62,200 1.0,700 137 
8 19,800 5,550 80 
8 41,800 11,750 115 
8 46 ,200 13,000 92 
8 56,600 15,900 119 
12 35,200 6,600 69 
12 47,100 8,850 92 
12 51,500 9,650 81 
r .. i.· f'" ,: r·· I·:··, " I' .. ··· l' . . . _ l 
Maximum 
Slip 
(in) 
0.0582 
0.0468 
0.1567 
0.0564 
0·0071 
0.0263 
0.0515 
0.0552 
0.0426 
0.0847 
0.0807 
0.0926 
L· 
J.bie of 
Failure 
B-S 
B-S 
B-S 
F 
S 
B-S 
B-S 
B-S 
B-S 
B-S 
B-3 
\0 
0'\ 
L>: L~__ t ___ ~ 
BEAMS WITH WELDED muD SHEAR CONN.EVrORS 
TABLE 4.3 COMPARISON BErWEEN THE MEASURED 
AlID COMPt1I'ED VALUES OF ~ r 
2 c ;;;& Computed ~r = 21d 4000 
f~ stud Q 
c Diameter cr 
Beam Pili d (in) M:!asured 
C-7 4220 3/4 13.0 
C-7a 5200 3/4 13.6 
c-8 5960 3/4 16.0 
C-9 5440 3/4 15·3 
C-ll 5840 3/4 ----* 
C-13 1460 5/8 4.65 
. C-13a 2880 5/8 7·50 
C-14 3870 5/8 7. 50 
C-15 5440 5/8 12.00 
C-21 2810 1/2 4.20 
C-22 4340 1/2 5.40 
C-23 4930 1/2 6.60 
*Beam C-11 failed in flexure before Q could be reached. 
cr 
97 
(kips) 
Computed 
12.15 
13.45 
14.40 
13.80 
14.30 
4.95 
6.95 
8.06 
9.56 
4.40 
5.46 
5.82 
~ , '. j.: ' 
Beam 
C-IOa 
C-12a 
c-16 
C-17 
Beam 
C-I0a 
C-12a 
c-16 
C-17 
I: . 
TESrS OF BEAMS UNDER UNIFORM LOAD 
TABLE 5.1 DlMENSIONS OF BEAMS AND PROPERrIES OF MATERIALS 
Depth Incl. Diameter of Concrete Yield Point Ultimate strength 
Plate Thickness Span stud Strength of Steel of steel Plate 
(in. ) (ft. ) (in. ) (psi) (psi) (psi) 
9·25 6.00 3/4 5430* 43,050 62,300 
9·25 6.00 3/4 5560it 42,400 62,850 
, 9·25 9·00 5/8 3725 
9·25 9·00 5/8 3910 43,750 63,850 
*rhis strength corresponds to cylinders tested at the same age as original beams. No cylinders 
were tested at the age of retest of these beams. 
TABLE 5.2 StWARY OF RESULTS 
No. of M:l.ximum Average Load, Unit Bond stress Ml.ximum 
Studs per Nt* Total Load per Stud at Ultimate at First Slip Slip 
sq. ft. P (lb) R (lb) u (psi)** (in. ) 
2.0 6 79,750 17,950 172 0.0262 
!~. 0 14 107,400 10,350 200 0.0079 
l·TI 8 56,080 8,450 li5 0.0944 
1·77 8 58,080 13,600 69 0.0440 
* N
' 
= number of studs between point of ma.ximum moment (zero shear) and end of beam. 
HComputed from maximum shear 
B-S = Bond-Shear Failure 
F = Flexural Failure 
roode of 
Failure 
B-S 
F 
B-S 
B-S 
'& 
~:.::. .' I>':: ' , ..... f. .' I, 'L .:.: , :. ! ~'. i. .'. ~ .. : I~ t . ,'" ".! ~; ';.:: 
Beam Span 
C-I0 61 -0" 
0-12 6'--0" 
·C-18 6' -5/8 1• 
C-19 6'-5/8" 
C-20 6'-5/8" 
C-24 61 -5/8" 
C-25 6 1 -5/8" 
C-26 6'-5/8" 
C-27 6'-5/8n 
C-28 ~'-5/8u 
TEarS OF RESTFAINED BFM5 
TABLE 6.1 DIMENSIONS OF BFAf.f) AND PROPERTIES OF MATERIALS 
Diameter Area of Concrete Yield Point lD. tiIoo. te strength 
of studs Neg. steel strength of steel Plate of steel Plate 
(in.) (sq in.) (psi) (psi) (psi) 
3/4 1.2 5430 43,100 62,300 
3/4 1.2 5550 42,400 62,850 
5/8 1.8 3720 44,200 62,100 
5/8 1.8 38~ 43,350 60,450 
5/8 1.8 3810 44,800 62,350 
5/8 1.8 3150 43,250 61,400 
5/8 1.8 3970 42,000 61,400 
5/8 1.8 3570 44,750 62,350 
5/8 1.8 3640 43,400 62,900 
5/8 1.8 3510 43,850 62,000 
Yield Point 
of Re inf ore ing (psi) 
49,100 
48,000 
49,500 
45,600 
45,700 
41,800 
45,700 
44,700 
40,900 
46,500 
A,<' / • 
\() 
\() 
TEmS OF RES:rRAINED BEAMS J-I 8 
TABLE 6.2 sUMM\.RY OF RESULTS 
Number and diam. of studs Total load on ma.in Max. slip) in inches 
provided span 1. in ki:es 
Mode of Failure 
at yield over at point at simply 
restrained at of contra- supported 
Beam in region A* in overhang supp. failure fle:xure end 
C-10' 3 - 3/4" qJ 4 - 5/4" ~ 3B.5 0 Shear failure in overhang 
C-12 6 - 3/4 ft tp 10 - 3/4" IlJ 50.2 0 0 Yielding of negative steel 
C-1B 6 - 5/8" ~ 8 - 5/8" rp 72.8 123·9 0.0150 0.0152 B-S failure at sinrple support 
C-19 3 - 5/8n cp 2 - 5/B" cp 66.0 106.2 0.0131 0.0181 B-S failure at simple support 
C-20 none 2 - 5/8" qJ 63.3 92.4 0.0138 0.0178 B-S failure at simple suppot 
C-24 2 - 5/811 ql 2 - 5/8'" qJ 52.8 0.0001 0.0002 Shear failure at restrained 
end 
C-25 none none 54.1 0.3985 0.0013 Bond failure 
c-26 none 2 - 5/8" 'P 60.3 112.2 0.1950 0.0405 Bond failure 
C-21 2 - 5/8u rp 2 - 5/Bu cp 39·9 109.6 0.0572 0.0241 Sinrul taneous bond and B-S 
failure 
c-28 2 - s/8H cp 2 - 5/8 11 rp 42.0 105.6 0.0402 O.D333 B-S failure at restrained end 
*region A: between inflection point and restrained support 
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FIG. 3.16 s vs AVERAGE DEFLECTION CURVE AT CENTER LINE OF BEAM C-5a 
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FIG. 3.11 S vs SLIP CURVES BEAM C-5a. MEASURED ABOUT 6" FROM SUPPORT 
CI.l 
~ 
H 
~ 
Z 
H 
a:: 
ex: 
~ 
tI) 
~ 
ex: 
~ 
2 
H 
a:: 
@ 
~ 
ex: 
8 g 
I 
tI) 
110 
100 
9°1 
801 
501 
401 
1 
0.1 0.2 0.3 
1-1 
I 
1--
i 
I 
, 
0.4 
6 - Deflection-Inches 
0.5 0.6 
FIG. 3.18 S vs AVERAGE DEFLECTION CURVE AT CENI'ER OF BEAM c-6 
0.7 0.8 
p... 
H 
~ 
Z 
H 
~ 
< ~ 
CI) 
~ 
Ill! 
~ 
o 
N 
H 
0:: 
@ 
~ 
~ g 
I 
CIJ 
11°1 I 1 I ! I.· ! 1 . I 1 I I I I I 
-t-·· -r---r----J------r --- ---r-----r-'---' ·---·-1-----: -'-- +-----+-·-l------r----i 
! i I I i I I i It! I I I . IJ I -+-----,--------+----------1--------·--1-----·-----+--------i------- -- ---+--.. ------~.-----.~---- -- -1--'--+---' ---·-1-·----
, I I . I I' '; I I I I I I I I I,
I " ! I I" , 
! : • I 1 I I!, 1 
8011 _____ ·_1 __ --·-----t·--·-·---L- .--.-.-.-~ --' ------:- .. ----~--.---.-j--_---.L ________ . __ ~ __ . t\ Southeast.L _. ~ 
, ii, ii,. No Slip Northwest 
I I . . • ., , 
I I ; 1 : :: End of Beam 
---t------·----t -------- l- -- - . ---t------.+---·-t·-------i-------t-- ---" -. ---~-.- ---"----~ .. --- ----- .:- ---t----.-----;.-------. 
, Ii! i! ; I I 
60 II ~---.--J.--.------ .. j--"---l------r-----t---f--- -;----~--- :--- ......- --t----+ ---! ---
I I . i 
50 ~--1--H----L-_-~---- ! ---r---t-- j --· , -. -;-- -1 . --- +- -,---1-
100 
70 
I I 
I ! 
I I 
i : . 
--:-----i--~'·-·----··-· -. 
40 _. _____ ;-______ . 1. _____ . i 
-:----------r----·--- -
30 '-._.'--0--- __ ._; ______ .;... __ . ____ ._.;.- __ .. j _-:-_ .. ____ "_ • ___________ ._ .. L. _______ + .. ___ _ , , ___ ..-4.. ______ t-----
• I . 
! 
; 
20 i . I 
---t------;----+-----------;---- +--------~------ ---------! 
: : j , 
r I 
-r--_____ L __ .. ---+---
~ ! 
10 
i 
o 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
Slip-Inches 
FIG. 3.19 S vs SLIP CURVES BEAM c-6 MEASURED 6" FROM SUPPORT 
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FIG. 3.20 S vs AVERAGE DEFLECTION CURVE AT CENTER OF BEAM c-6e. 
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FIG. 4.12 AVERAGE LOAD PER STUD VS. DEFLEcTION FOR BEAM c-8 
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FIG. 4.13 AVERAGE LOAD PER STUD VS. SLIP FOR BEAM c-8 
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FIG. 4.14AVERAGE LOAD PER STUD VS. DEFLECTION FOR BEAM 0-9 
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FIG. 4.15 AVERAGE LOAD PER STUD VB. SLIP FOR BEAM C-9 
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FIG. 4.16 AVERAGE LOAD PER STUD VB. DEFLECTION FOR BEAM C-ll 
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FIG. 4.23 AVERAGE LOAD PER STUD VS. SLIP FOR BEAM 0-14 
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FIG. 4.25 AVERAGE LOAD PER STUD VS. SLIP FOR BEAM C-15 
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FIG. 4~28AVERAGE LOAD PER STUD VS. DEFLECTION FOR BEAM C-22 
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FIG. 4.30 AVERAGE LOAD PER STUD VS. DEFLECTION FOR BEAM C -23 
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.. ---.~-
16. 
I C-7a1 
c-8 
!~~ o·18i~I(3/4nl<p)=r I C~1 
!1 12 
"" H 
aU 
... I "cr t O.13t (f{ ptj ~ 8 
H Q) 
P. 
ptj 
3 
~ 4 ~ 3/4 Dia. studs ~ 
oM 5/8 H Dia. Studs 0 
1/2 Dia. Studs 
0 
0 1000 2000 3000 4obo 5000 6000 
Concrete strength, f t , in psi 
c 
FIG. 4.32 EFFEVl' OF CONCImrE srRmGTH ON THE CRlTICAL LOAD PER STUD 
• 
FIG. 4.33 ARRANGEMENTS OF STUDS FOR BEAMS C-7 THROUGH C-l2a 
FIG. 4.34 TYPICAL TWO-POINT LOADING ARRANGEMENT. 
BEAM C -8 AT FAILURE 
FIG. 4. 35 A TYPICAL BOND -SHEAR FAILURE. BEAM C -15 AT ULTIMATE 
FIG. 4.36 A TYPICAL FLEXURAL FAILURE. BEAM C-11 AT ULTTh1ATE 
r -,;- -:~~< --, "~'~ .. " ;'~' ;. . ----.~- , 'I' :~i 
1 " ~ ~: - J I : I, 'Iii 
... ..1 ' 'II ! t J ~ " Ii r.:. t 
',I I I I I' .' I 
'". . ',' '. ~ 
FIG. 4.37 BEAM C -16 SUBJECTED TO SIMULATED UNIFORM LOADING 
2~#7 ..6dt""s 
6'" c. 10 c. 
F F != p F 
I I 1 I I I 
I 3' - 0" I /I-ON /1- 0" /I-ON /1- 0" /1-0" /'- 0" ~ 1'- ON I 
I 
1/2", t I I I I I ~ ~ ~ , I 
........ \., "-- I 
-----
-~ I t I I ~ I I 
i S. Svpporl--- ~ N. Suppor 1---
ELEVATION 
1 I 
1 3' - 0 K I 6' - 0/' I 1'- 0 u I f--. > , ~ ., .1 
I I 
,,, , f,;::, il. 
~~ 
1_ -T~-t--- 0 1 
, j '()~ I I ~l' ~fl 0-0 !. 
__ 'L_- 0 Ie 
. L'-r-1 ~ I .." ~~ 
_'J __ _ e • • I· 
• • • •
'1 
, . 
I ./0 'h 11_ : _ 2 7 1/ ~ _ 8 .5 P Q C e s @ 9/1 = 6' - 0 " 
I i (% " ¢ N'e Iso/? Jlvds)., I /0 Y2 K I 
I ~ ~ ; -- .,..--;---
! I : 
- l-
I' I I 
PLJtN VIEW OF PLATE AND NEIf...SON STUDS 
o Slip gage 
\7 Defleetometer 
~ 8tr. gages in steel and coner. 
I 
I 
~~ G5W 
27/1 
r~ 
'GNW 
I2S:J SB 2 (CT4) 
.6.DW ; 
\JDe I 
~ SB/(CT3) 
f~ 
o 
I 
: 6" ¢ G 5 .c c5 IV £ ¢ 6'" I 
I-~ 3'- 0" f 3 ' - ()N ,.. .. -~ 
--P 0 5 I T ION 0 F G ~ I ~ E S ~ \ 
FIG. 5.1 B E A M C - 10 Ao 
1--
~~ 
-~t~ 
" _1lJ._~ 
I I 
1-< 3/- 0'1 
-I- I' - 0" -I 
J 
I I I I I I I I \ 
I I I ! 1 1 I I I 
I I I I I I I 1 I 
i. S. SUjJjJorf-- 7-#3-U .:;;/; 
3"c. 10 c. ==, 
I 
3'- ON I .--.-----------~ ,-... 
,c IF p 
Ii-on /'- OIY /'- 0" 
, ~ 
p 
II-ON 
~~ 
I 
IF 
I 
/'- 0" 
"-
E N. S(/fJ~orl 
E1EVJ1TION 
6'- 0" 
------------- ------
I /'- O~I ~ 
I r ;+-
~ 
+ 
I I 
, 
~L_ /,- ON I 
--.I 
-)-- ---; 
IYzI/ 
2-#76q/s 
6'" c. /0 C.) 
o 
o 
I 
o 
o 
o 
o 
o • • • • • • ., • ., ., • ., i • ~1 I (\j 
o •• ., ~ • ., ., ....... 1. "-
I I 
o 
o 
I I I I 
I.: 9" >.:< 24'" ~6"!o: < /2 s,/J'?ce~~_~~~_e;~~,j __ = _6/_0"(:0/4NPIV~hol/ 5)ts~_9'~-I: I I ! 
P;L~N VIEW OF PLATE AND NELSON STUDS 
I 
1 
! 
I 
I 
Q -qSW 
27" 1- ~ 
GNW Q ___ J' 
~ .5B 2 (CT4) 
DW 6. 
........ / (CT3) 
Oe 'V 
I I -- - ~ 
.l __ L ___ ~_-:_~_~_ 
; 6" () G S E G N £. 6 6/# I 
t:=~ 3'- ON >! -: 31-_?"_~ ~ 
o Slip gage POSITION OF GAGES 
\7 Deflectameter 
~ str. gages in steel and caner. FIG •. 5·2 B E A'" M C - 1 2 A. 
,l 
r 
.-,~~-~~-.~--~.'.a-~ ... -:.o":"_""'_"""~"""_""" __ "'i 
f F F r: , F F F I F 
I If I 1 
J'- 0" /1-0' I 0 If ;1 _ 0" If;.. 011 /'- 0" J 1- Oil J '- 0" I 6 I / -
'""- -->0 fc::.-- lto"T'Cc ~1 , i ! 1 I I 
! l 
; I I 
-- F~ L-- _ ------ _.- - -- - --.'-- - -- -
r4- i 5 Su;pporf 9'- a" <f l'v~ S uppor f ---:J 
- --
f 
ELEVATION 
-r"-t I I "\~- 0/8" f Nelson studs 
~ ~ . H. i.. · · · · .: 
_ ~r:2 -- ~ fI .. • I i4 " e , 
I I I I 
6 111 7 spdces @7"", 4'-/" I 5NI5'" 7 spaces @7:'"", 4'-/" 6/1 
'" . : . . .. : ' \. 
'~l-r -
-:- -,--
~ ~--
~: 
P LAN V lEW 0' »L ~ TEA N D N E L SON ~T U D S 
I -
"1 5 ,,,1 5 a 'I , " , f/"j 1/" 5 @" I" 1/,1/ 5 ,,1 5 I /2 I sp (J ce 5 ,-:;' 7 = 2 - / I . 8 /2. 8 12 I Sf cc e 5 a.J 7 == 2 - / I 15/2 , 
I ',' ....J.- I ... I I 
,2 G, 5 ~I : (~ : G N vi _ ~ _ i 
- - I 
CD @ @ 8) 0 (~ (j) 6. DV'I G) @ 1> ,~, C!l (?J '.J) I 
9De - I 
:N-f-- t I 
- J_ - i 
1,.0 GSE GNEO #1 
I 6 i I 6 ~ P 0 SIT ION 0 F GAG E S ~ o Slip gage 
\7 Deflectameter 
Strain gage in steel 
@ Humber of gage line 
FIG. ,5·3 B E A M c - 1 6 
-~[ 
l' ~: " ':' 
I 
F ,F 
1 
F F F F 
6}1: /'-0" 
F 
/'-0'1 
F 
/1-0" /'-OQ I 
>, .. 
1 /'-0#1 /1-0" 1 ;1 - 0/11 II~OI/ 
I -: T "t T ~-I-· ,+--1 ---+<-1<---"'+"41 ----, l~ / '-0" I 6
11 ~ 
.. ' 
1 
1 
I 
r,,, 
--D~~ I I J L..-. ---"1 
r[ N Sup PDI'" f -----+-
--
.9'- 0" 
~' .. 0---______________ -r------------
I ELE~ATION 
 l .s: Sup;-:Jor f 
i 
, 
" 1- ___ ~ .513 I1 ,..J.. Nelson stvds ,~.r~ ~ 
-rhTr-' ~ I, T- ~ • • • ~ 'oi : 
"I ! 
_ [~1~_ I· •• • 
I '\. 
• .. • • 
• • • • 
j "I I ,,' I I , I ' iii i II' 
6 " '3" 4" 4'/' -" 5 1/' 7 1/' 9" /'""'1: 11 j' .3" 9" 7~'" 5'/"1 5" '4'/" 4" 3 1, i ,," '2. , I "2: ;:) I /2' rZ' - ....; ~ - 'Z : /2, 1 I). I J I]. V 1 l I 1'1 '1 .. ' 
i I 
P LAN V lEW 0 F P L A iT E AND N E L SON STU D ~ 
S l)'i./ll/i43/"ISI/,,16'/" J 8 //" j /' 0" 7Y." 7%"1 /' 0" 1 8 1/ 11 I 6XI'J5'/"143/I'14~"'51/M I' '2 1"1/4 I /4! 14 I 12. I "4 - 2. 2. - : /4- I 2 i hJ. /4' 4- I /2 I 
_, ' ,- - • I .. 
iGShi, @-) I' ~;'GNw'l 
~~r= I ~r- CD ® ® C1J @ G (J) ~ ~~'7) C0 @ :'{) @ ® (j) 1 
'0:jt = . t ' I 
1 6'·.J G SEA-- G N E C5 1/ I 
: 't:. 16 ~ P 0 SIT ION 0 F GAG E S ~ o Slip gage 
\l Deflectometer 
strain gage in steel 
@ Bumber of gage line 
FIG. ~ 5.4 :B E A ~f c - 1 7' • 
t ," ,~ .. ;::: 
18 
16 
til 14 ~ 
;1 
!1 12 
.. 
~ 
0\ ] 10 
to 
H 
Q) 8 A 
rd 
td 
.s 6 
Q) 
bO 
m 
H 
Q} 4 ~ 
2 
I : Iii I , I I ' : 'ii I I , , ,_~; I 
* 
1 i I-----r-- I I 
I ! I ! ' ill i _.k-.m I I st±e Jlehectir I ! ! :_,' -----~-----,-.-,l--- i I , , 4390 lsi I '1 ___ "___. I 4--I E",: i , ! ____ '- _ '~'; i ! 
" '~----" I, lei QQ52tR __ -L __ ~_, i i ! i i __ ; 
'- b. =---9! .. _ " I I , , , I .., '_ r~ =-:-::'-l-- -- .-- , , I , +- ~ i ! i 
.' : -1- ! I I I i -+--': ~ 1 ---'---j---; j ;! , ----i '_. . --; i 
' , -+-+ u_" ! I I , , I I I I ---r-
! I I : -L ! ' i. : _ _ I 
", '---, I, I " I '----7 , ' , i : , 'I _ t I , 
j I --~:, - I i 'I : ! ----~ ..!-I :, " ' t 
' I I I --- -.- - i"-! i, _--->-- _,_ 
; I i --.. .i- " I I, i t' . __ " _. II I ! --,' _ I: "\, ---t----- , 
' -----t-- " _~___ _, I I -~, , " '. --: I , 
.L-l-__" 'I' I, : ______ --r : I I I /' 
" __ 
r 
I ____ _ 
' " ';, - ~--- I, . I I I __ 
' I , , '---,___ 'I ~ _ __~I \
' , I !-----+--. : I 1 I I -J-- i 
'------T ': i '~_ I ; • ----........ , " I, I . , ~ _____ I I  :~---.- ! i i _j_" I ____ + ____ ->______ ! j ___ + _____ _ 
' , ---. 'C---' : I I I i _"._ I 
' . --I- , , , , 'I ' '-----__ I I I i/' i _ --.-t-' --: , , 'I , -' __ _ , /, i - !-.----... -~ : ; i ! ~--.-.- ,_ ~--t-- I ':
;/' " i: --i-----.. ----~-- i :, I ' , I __ , " 
'/ I : t-- .. ----t, . __ -_ 
/, i , ~---~---. , :, " ---i----, . /1 : .---- ... ---. I , , , I -I---u- ---I' __ I 
71- r-! i -~L---~- ~-"-'-r ---- i i . I 
'I --.--- I" 0 7 i -1-------- _ , . . . 
----or , 0.5 
0.4 o 0.1 0.3 0.8 0.2 
6, Midspan Deflection in Inches 
FIG.5·5 AVERAGE LOAD PER STUD VS. DEFLECTION FOR BEAM C-1Oa. 
Ul 
~ 
!t 
.-. 
~ 
... 
N 
aJ 
J..f 
~ 
~ 
l QJ 
~ 
18 
161 II l-~~-- /r_~~l-___ - TI I ·'1 1 
14 : --L/J_--~---- ------r-------L-1--- -- - : I " I, . I 
12' ;. /: I I __ ~-- . I 
y ! I I I /! I I ~/C-+---- - I I 
-1-- I . liforth end. 
I --i I i -1--+----4---4---+-----r-----i 
I I 
.--+------+---+-----,..---t----------4..----.----+----+----I-----J ..... ----+---t----t----l 
II 
2 
0.01 .02 .03 .04 .05 .06 .07 .08 
End Slip in Inches 
FIG. 5.6 AVERAGE LOAD PER STUD VS. SLIP FOH BEAM lOa 
1' .. I" .... I· t.: .'; 
18 
16 
r:a 
Pi 
:Q 14 
!1 
'" 12 ~ 
'" rd 
~ 
~ 10 CIl 
~ 
Q} p. 
~ 8 
m 6 ~ 
m 
~ 4 
2 
i I r-- - r -T---T -+----I' 1 I I 
I I I ! I I I ~J _____ l~~t--f~;tJ-±~--ks-f~F~-iO~l-____ ~ ~--t~-~~-~:--4-~_._----- ----1-- ! -] 
! i I :c I I I' I ~ Second loading plot d --_.-=t--- I 
I I /;- 4 = O.qJ.22 R I I I neSlect~ residual I· I 
i/..-·: I + I I deflection on un! t' 
I--- [--,-1-----;---- ----T~---I-~ I----T i r--- -. --I ~\- I- II ----I -J n_ ---··--.-:.:-:-~··-=--···~ .. ,l-=-.. =-rt I ~- I t---~--~-·-I 
i Tt-- 1/ /! _ I I I 
I 
i 
! 
r----';f i / ! I I I I L I I I i I I ' 
I 1_/ J /~-J--J-·-.1---L--I-~--- ,L ----t-----,-~-J-----~--t-----l 
; / I I I I I I, I 1 I I I I : I 1 
' / I I I I I I ,. I -~-~~. ;/ I--~~+---t_--: --i--i-----+~--~,-~--1~---t--~-t-----!I-· .. --.. t-,1 ---T---j 
~L--.-_ .. ----Ir! ---- L--~. --~--J-----f~--~----~-j----)- ----,L-'-+----t---+. -... -.-~-.--~! 
/ i I',;! Ii! ! ~ ! i " II " I 
I : i I Ii' I ! ! J 
/. " I: i I. I I I I ! 1 ! I I I I I " t_ __1 
o 0.1 0.2 0.3 0.4 0 .. 5 0.6 0.7 0.8 
6., Midspan Deflection in Inches 
FIG.5.1 AVERAGE LOAD PER STUD VS. DEFLECTION FOR BEAM C-12a 
I 
I 
I 
I 
.f 
to 
~ 
~ 
~ 
..-4 
rt 
rd" 
E 
tf.l 
H 
Q) 
P4 
] 
iD 
l 
Q) 
~ 
18 
16 
14 
12 
10 
8 
6 
4 
2 
II I Iii I t · I I I \1 I I - I . I JI II 
.' ~ I ~ i i ! I: i : I I I --1--------- ------,------r-----~----"------L----- -----.-----1------<--
'ii '! i i I i I! I 
I : : I I I I IiI I I I I • 
I I :. I I I 1 I I /1 , I (~~ rthe fifst lr,Rd1ng , I I \ I I 
! 
- _,I "'! 
- -4-, --
. i 
I : I 
SoUth End ________ I 
North End . I I I' 2DdLoadfiig - -+-, I I - -
\. ,I I 
I I 1-- I ! 
I • \ ' • I I I 1 
--f----- i I I I ' 
: I I I i I --t--
I 
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
End Slip in Inches. 
FIG. 5.8 AVERAGE LOAD PER S'lUD VS. SLIP FOR BEAM C-l2a 
.------------------------------------------
~8 I I 
U) 
16 
~ 
~ 14 
~ 
~ 
~ 12 
rd 
.~ 
~ 10 
p. 
] 8 
Q) 
l 6 QJ 
.~ 
4.---
I 
I 
l! 
II ~:: ~ic De I I I 1'1ect11OD ~ on E ~ :z:' 39P0 ks1 
L A= P.0176 R / I I ! -I V I I -I 
--
L 
I ~ ~ I ~ I I ./" 
V :/ i vV 
;/ 
[7 ! I I I 
2 V , o 
o 0.1 0.2 0·3 0.4 0.5 0.6 0·1 0.8 
~, Midspan Deflection in Inches 
Fro. 5.9 AVERAGE LOAD PER s.ruD VS. DWLIDrION FOR BEAM c-16 
18 
16 
Ul 14 Pc 
~ 
,!:1 12 
.... 
/Xi 
.... 
rd 10 ~ 
H 8 Q) PI 
~ 
~ 6 
Q) 
bO 
e 
4 Q) > 
<l! 
2 
0 
I I; I I I 
J' I It! I I ; : ---t I 
· I i I I . I I !! !-~l----t--! __ :- ___ . ____ ~___ I ._~ 
, I. . ; I 
I I 
! 
I 
- --T ---I ! 
1 
I I ! ' , . ! 
• I , I , 
I
f. , I ! 
. " I, 
I; I! !! .' _, . i'I I I 
I 
i , 
!.- ~ 
..-.- : 
.~ 
j 
I 
i 
-:=l----===:::::;:::=:~+I ====---l----+--- I i I 
I' I: ! I I : 
I . I ., I . I I'
-r-
i ; 
I 
I: . ii,' , , I , 
,/ 1 i,; I ! : . ; , ! I 
-----I··-·--t---- I 1-' +- ---T--'-- -.~. -- ------~--t .. --.~ .------T----r; ---NorthEnt- ---:----- -. 
I I I I .!.; I i I t: I ' ; ! ' I ; 
I I +' I! I l i i - 7! - - Sohth End ! 
-+II---r----! -- -1---; ; --tll ·--·····-r----T·-· ---r--"l------!------r '--1"-'-
I ! ! .1 __ i_____ _ ___ 1 I _J ______ ~ ___ L I 
o 0.01 0.02 0.03 0.04 0.05 0.06 0.01 0.08 
End Slip in Inches 
FIG. 5.10 AVERAGE LOAD PER muD VS. SLIP FOR BEAM c-16 
18 I 
I 
I 
I 
I 
iI ~ i 
. .. 
~-: 
I 
I 
I 
~ 14 I ~ I ~ ~. I ~ I 
rn 16 
a 
.~ I 
.a 
rt.l 
~ 10 
P4 
)8 
OJ 
~ 6 
QJ 
~ 
4 
2 ++1----+. I 
t 
t I I ~ . . I i 
o I 
o 
I I· I 
0.1 0.2 . 0.3 0.4 006 0·5 
J. ~ • 
A, Midspan Deflection in Inches 
(} 
, ',-
FE .. 5.11 AVERAGE LOAD PER s.run VS. IlFFI..FmION FOR B~ C-17-:. 
;~4 
0 .. 7 0.8 
I . o 
1----+----+ --+-----+---+------J--1----+-~-----+-----4---+-i--+i -- I r------'~ 
, ,---r 
----1--- --+--' -----l~--~- ---
I l~ s, 
---- -.. ---···--·-·-1·-----· -----., - --~t--- ~ 
I 
I I 0 
I I 
t------+--- .. --~--. 
---.--.~---.- --. -.-1-- --.--. __ .! -----
l ' I --- --j-- -- -----i---·r
l 
------ ~ 
I I I 0 
-------1----1---- ------1------ --- ----1---1-----
--- --- 1\---+---- -----+------ -1-- ---- ci 
I ! \ I I I----t-----l~\~_t---- -----r-- -----r- 1 ~ 
I __ j _ _  _ ____ \ t --- --- ---+---- --- -----1' -- -- -- -. .-!--- -----. -- c; +- I \ i I 0 -----t---~ --- '-'-\-- --J------- ------+----1---
I I \ I i I I \ 'I ~ ------t--------.- - .------ - --------- ----- ------~-- · I I 0 
I I 
\ ! 
--- --- .\._---- -.. _. __ ..... _- ... -------- --+- ----_ ... 
\ ! 
I ~ J ! M 
t---+---+---+---t--- ----. ------- .--.-_ .. --- 4-·-·-··--·-·--·· 0 
i ~ I I 0 
---t--------ri- - -- ---1---) ---
I ~ I ! 
II 1 - I "~I 10 
o ,... OJ 0 
t-
r-i 
I 
t.> 
; 
~ 
~ 
~ 
en 
· (l) til 
~ > t> ~ ~ ~ .~ 
~ ~ 
@ ~ ~ 
P&1 
I 
C\J 
r-i 
· ll"\ 
· ~ 
rz.. 
F F F 
Elevation 
1-t-
<? I e: 10 
! I-
I 
.1 i • ! • 
F F 
• 1 
i 0 
I 
,0 
C-1Oa 
11. · ! •• !. ·1· · ie .t-.~;J ~'I Ii: I ~.~i-.---.~l-'---.~I ~_. ___ ~-r\_e_~. C-12a 
Plan View of steel Plates 
2Ye? 
; 
IIjz F I I I 
I I 
i : ; ~;=- I 
i 
I ! 
, 
: ! 
;/.2 r 
I 
'fY2r 
! 
I 
I 
I 
2 12,F : / I 
2/2;= 
A= Shoc/ed Area:::: /2F('12 +-//21-2)2) 
A = 54F 
FIG. 5.13 LOADING ARRANGEMENT AlfD SHEAR 
AlfD BElfDDIl ~ DIAGRAHS FOR BFAHS C-1Oa AND C-12a 
Shear 
Diagram 
Bending 
Moment 
Diagram 
60 
ttl 
0-
oM 
~ 
~50 
Ol 
~ 
·rl 
ttl 
~ 
+l 
t1l 
-0 
CD ~ 40 ~ 
t1l 
ttl 
~ 
S 
0 
M 
~ 
"0 30 CD 
+l 
;j 
~ 
0 
0 
......, 
CD 
+l 
ttl 
r-I 
20 
0... 
~ 
..-i 
~ 
0 
.,-f 
ttl 
s:: 10 «l 
E-t 
r-I 
ttl 
+' ~ 
0 
s 
I 
I 
I 
I 
I 
! 
i 
I 
,. ...... '.~ 
Ulti~te 
i ! I ,." :.. : I-----.J---t- : ________ -;_-1-_ ---j-----------------f--.- --+----- -------: 
i: I I: i: ~ 
I / I I 1 i: ~ 
I I 
H! ': i!, , 1-------: ! ~- ·:-----i-.~~l-------..-' --- -..::..~ .. ~-:.:..~~"'''''_~ _____  : I .. , 
" / o 
!'" , 
I 
i j '1" 
.... --.. - ----- -1-- -- ---.. -.:- --- .. -----i---.-.----j--- <, -----
i ' 
I 
i i I I 
uno~aokeF : 
F::::::::==k:;:;=;~'7:":"~--·---1 
.' .. '. " "...... I 
, 
dC * (' [ '\'<\ --------- --"----\ \ --~ \ L\ .\ C ...... ,-·.." 
ZS 2S 
ELEVATION - Looation of Cracks at Ultimate Load 
IN 
S ~----------__ ----------------------------------------------------_;N 
els .35 .5.:; .7..s -8n e6n .. 4n .2n 
PLAN VIEW - Looation of Studs 
FIG. 5.14 MEASURED TENSION IN PLATE BETWEEN STUDS 
AT VARIOUS LOAD LEVELS FOR BEAM c-16 
~ E~lf----·--+-i-;J~~-:--=1=-~;:-~1-::.i-r·· I---,_t~)- .:/~.-~:_-__ ~-_~-__ ._-_-. __ _ 
S Uncracked .r '. N 
5 t
s
--i~ ,~~-~J~) -r~T---~;i~':--:1/~:-'l~=~=~:-- -J--1 
o . ------"-- Bef'ore-nr-srsITp~---··-·--·····.J···---··_l--_-_l_ .. __ ------------
15 
\ -_._----_. iL . ; :' . 
.. ~ _____ ..4.. _______ . __ : .• _. ____ ~. 
\ . 
rt . - _ -.-----.-~ 
~ ( . . 
~-- ... --. --1 ·---I---t---·--i-.---------+-.. -.----~----~ .. ---
---~-\---.~ -- .. --.... ---- ". -- --'- --- - .. ..:.-. .. r' 
FID. 5·15 MEASURED SHEARING- FORCE ON THE mUDS 
AT VARIOUS LOAD LEVELS FOR BEAM c-16 
j':'.O\' 
200 
f1l 
0-
or! 
~ 
.. 
en 
s::: 
or! 
IX3 $.. 
+=' 
trl 
"C 
C) 
.... 
=' O'J 
Cl'5 
Q;) 
a 
e 
e 
tt-I 
~lOO 
G) 
~ 
~ 
Po 
~ 
0 
Ip 
~ 
Ctl 
~. 
s= 
.,..j 
~ 
0 
oM 
~ 
t:) 
8 
,..-i 
~ 
~ 
0 
8 
0 
A-
t 
SL...--I ~/-~~~~--L..>i_~_71......---~_---L.L~_'~'5~j '---I...--l~: .--'--/ ]~J ..l..--.-.-!.( '\~ __ \'---._6_IN 
16 
ELEVATION - Looation of;Craoks at Ultimate Load 
I 
S~----------~----------------------------------~----------------~N 
• I!> .35 .5~ .7s .8n .6n .4~ .2n 
• 65 • 8s • 7>') • 5n • 3., • If'l 
PLAN VIEW - Looation of Studs 
. FIG.5.16 WASURED TENSION IN PLATE BETWEEN STUDS 
AT VARIOUS LOAD LEVELS FOR BEAM C-17 
....-----------------------_ .. _---_ .... _---------_._-------. 
til 
~ 
~. 
~ 
.... 
Ul 
"g 
+" Cf.l 
~ 
0 
(l) 
i! 
0 
~ 
bO 
~ 
~ (l) 
ffl 
: /----l+-FJ ---I H----! -- l .... ...... . ! .. ·-+--·[-\4:LUJ 
S Uncracked N 
: EHfEi<EJ-----j-n .. -uf- .. j 
S First Slip at North End 
[;hkt+tl-I 
N 
10 ,..----.---.-----r--~-.. -r--. __ -o-__ -._-._'"T_--_.-. -._-:-_;.-. --... --:~-.. ~-.. '-.. -.. --1. -·-'-.1_-_ .. ---rrl-·~ I ! ! I 
- --=. -:==-~:=---:"1· t.;~~fIl 5 
o s --~~,-F-~-s-t~Sl~~-·p--at-LSO--u~th~--En~d-- N 
15 
10 
5 
0 
25 
20 
15 
10 
5 
0 
\ 
! I I J I I I 
- - - ---. _. j 1-' -----l-· -- --t 
-t -1\ i . l 1 ,j. - t· --$----.--- :- 1 .. 1- : . I!f~ ..•.. , -"-'-·1- - .. --~-.... --- I- --! . \:;, i l ; ; 1- I ! ' 
- .. -c .. ... -~. j -II ~t',t • 
1--- .. ··1 t
l
.\· \ ~ / 1 l' I 
------ I---i -·(l i --I t~ 
I r ~: :' ,i \ j -,/'+ ---- -I _.- .-I / ,.' ; -'1-i' ;1. 1. '\.t--;-.- .--~----.--I • I,' • 
___ + __ ~_ .. ~ '_Y'~' -- + -. _ ._L_. __ . --'--
! I' , 
! : \ i I 
S Intermediate N 
I 1 : 1 c:t -I ---I .-_. , i r==-
,. - 1--+ .. )---! Positive Directions of t_ 1 it ---
~-+ 1-..1
1
' -:-l--+ 4O S• ~~~~ Oll Stw.-s side~ , .... :,: __ :. ___ :, _!.' -t!I·-~--.-~--·~--
-~ r-r-t '\ j-.. ;-l--:-~ ~~~-~F: __ :_J__ --I -- ;--; /:-- i - j -t -~ --~-=Fr . '\1/\: .. -: .. I-J ----1-- .; . - .: ~ ... -, ;/i \l/i : ; 
--- t --t- V '. \ I - I· i ~. - \ ~- i -~:, 
I-l: I :\ I -+ -1- -- - :-------~----;_- 1 --1- I .. Ij . 
-~-f : I : ---Y·-I- . - ;- ---- f-t- --+-·r- - --: -r--
, I L--,-__ ~_-_ ..... _ J J ___________ 1_ I 1 I 
S I~ 25 35 LJS 550 65 75 85 8 n 7,." 6n 5f) 41') 3n. 2'1 In N 
Ultimate 
FIG. 5·1 7 MEASURED SHFARING FORCE ON THE mUDS AT 
VARIOUS LOAD LEVELS FOR BEAM C-17 
,c F 
/'- 0" /1- a II 
I 
~?'l2F ___ ~;~~_~_r__+- ~'-~o"-¥-_o"'b~-~~~: .;.~~ 0" , 
2 -# 7 bQr:5. '7 r ~[ 
6"" c. /0 c. Q\ 
I - -
~-~ ~-~ 
# /0 bQr ~ ~ s. 5ur~orl 1::. N. Svpporl-
-T :-~­
I" I ~I~t-
\ ELEVATION 
I \ 3;'- 0" 6'- 0" I 1/- 0" 
: 4 \ ~ I oC > ,- .: 
1 .~ I I 
,... 
• / I. • • • • I / I I 
~ • • I • • • I~ / ! 
/ I I I I / 
• • • • • ..L. 
_J_ 
-~1-1  :::-~ 0-
_~t _ _ 
,-I I ~1~_ 
,I/OYa.",-r-
..., I ~ ~I 100" , /1 s/?aces ~ 9 N ~och ::. 8 '- 3" (3/4
N ¢ lYe/so/) s!vds) 
I I I· ., I 
P LAN V I E wi 0 F P L ~ TEA N D N E L SON STU D S 
0" I 27 11 I ~ lOll! ,>1 
I I 9 G5 W I ,GNW Q 
I ~ .5B2 (CT4) i I 
l:l,DW I I 
-05 I I ~ \lDE , 
I ~SBI(CT3) , 
I 
16" 6 65£ GNt: 6 6" I 
r---- 3'- 0'" , 3'- 0" ---r 
o Slip gage .,. I e .... 
\l Def1ectometer 
~ str. gages in steel and concr. P 0 SIT ION 0 F G~. G E S 
FIG 06.1 B E A M C - 1 O. 
~.' 
I " " 
I 1 I - I I 2F I I F I F I F IF IF I I I I I I ! 
I i I i 
f 6 W 2/-6" _~/~- 0" /1- 0" /' - 0 ~~ I /'-0" /'- 0" /'- 0'" J /'-0" I 
I 
~ It -1 Lt ~ I JL I , I i IY2N 
............-' 
-.. - .... .. --+0 
--\ 
I t "'L-
-
I 
". 
" ( 
- # 760'/":5 
'0"" c. me.) 
I L_.J 
I 
L+_J ,~ L_.--J ~L_.J 
# 3- U s/;rr 
w,z/clad /0 
~~ ! I' 
; : 11..s/;rrvI?5 @:JU c. 10 c. -= 4:5"'/ I I 
~ S. Sl/'p'porf ----1. -: E LEV ~ T ION ~ IV. SU?/Jorf ~/o/~ 
I j/_ o~ 
I (5 / - 0 1/ "!u" >- I 
' ~------~~-----------~ e,1_4 .3 / - 0 ' / 
~;t- .... .. I. • • • • • • • • • • • I • ~1-.. I  C\J ,~- ••••• 1. & ••• • .0 ..... /. "-
rr, . I I 
- - -, I -
I < 9// Ja;.. !_~C1ces ~ <6# each = 8~- 6'" (-3/4" ¢ Nelson sluds) 
I , 
9'" 
>-\.... .. I 
1 
PLAN VIEW OF P'LATE J1ND NELSON STUDS I 
I 2. 7t1 
I, >' 
.. 2/" .. : I, GNW Q _~, ___ _ I II I ..-=:<w 0 I I 
I 6 I ~~ _ 82 (CT4) 
.......-, I2'5J S I I , 
' , . OW 6. , . 
' I , I 
A DS Oc \l ~ 5/3/ (CT3) I 
65£.6- I GNE. 0 6"! 
", I I 3'- on 3 1 -0'/ ~
>1 • ~ 
o Slip gage 
\7 Deflectameter POSITION OF GAGES 
I:2:S1 Str. gages in steel and coner. FIG. 6.2 BElt. Me .... 12. 
·!' 
2F 
o Slip gage 
\l Deflectometer 
stra.in gage in steel 
F 
II I "/ /1 1/ I I Ltt: 4~ 3" .$1:t/~i I ~6.: < 8" IF ~ 1( 33 // ~ 
I bQ5W ~~_L~_ CiNW 0 . 
(O(;)·~@@@ CD 
-------
1/ 0 GSE 
I 20~ .: 
p~ O· SIT ION I 0 F 
(~ (~)~ OW 
\1D.£ 
-I 
I 
I G/'I 
GAG I... 3/ J--e" E 0 6/1 I 
EIS =:j 
FIG . 6.3 B E A M C - 1 8 • 
;.' ,_'I 
. YaP¢; 
3-#76or.5 
.3'k. lIe. to c. 
19-#3 U 
I 
I I , .... 
I 
J,--6 h : 
2F 
I 
, 
I 
-f/"'/8 1/ I IO~8" 
I 
I 
I 1~2 ._\ t : j 
~ ~J~ !Io-
- - - -
-> 
-- --
I~ 
I : 
/8 sp. @ 3" c /0 c. :::! 54/1' 
.. 
I' I.. r: ." I 
r F F F r F 
/O~I/ 1078(" /O~A:( /0313'1 /0-'/8 11 
I I 
, I I 
4- I I ... I I 
-
I j ~ 6' - 0%" I ~~ 
. slrrrups ~ 
to IhtZ plo Ie - E LEV A T ION 
r- ~ /I. SUj:J;:~rf 
o 
\1 
I I 
: 61'/ I 35" .3/8 " I 72· 'l'8 H I 6'" i 
"'" ,,"J ,. --- ')IF ,..... )II' !.. ....1 I I t 
I I t I 
~ I 
... - - -- - ~ I .. ~ • •• e \t e 
.. ~ I I I 
~ . '\) . I I 
'\ I I I ~ - -- -- • $. I • ,e _. e lei) I 
tel I . ~ • !! I 
--l~-t- ; I 
- - I 6/1 l 47?Y8 11 :3:3 :e~; 73/B*·.12se@8"=/6/:2.@5.lcr!3@3"=':Yltl~2'/z''=/O; 6'/: 
I "" ,. 1 E: ..... ;;; ;0-1 • ~ I "'" I .. 1r I )0 • '14: ~ I rc: ,. I >I<;a I 
I I ! '.' ". ..:' . I. I I ;: 
Slip gage 
Deflectometer 
strain gage in steel 
P LAN V lEW 0 F P L. A T ~ A N P N ~L SON s 
! 9" :4f2":lj"'~ii·4~1· 7%"( 8" I \.\ 33" 
.. ,. ... •. I (1 ~. •• • ~. • f" -----
, !. 06SW·1 i CiNW 
! 
I - -- . -o ®@@ (2J @ .... (j)~ D'0../ 
- -- \JDE 
...... -- ~ -~ 
"\ 
1_ 20/4" ?G.5£ Cj/v£ '·0 , '3! ~;II I 
. ~ '0 j 
. ~i l~ -, 
P 0 SIT ION i 0 F GAG E S 
,:~ i 
FIG 6.4 B E A M c - 19 
• ,J ~ ~ 
%If¢" '. 
N«lso~ 
Sf(lds 
" ... ·i 
3-# 76C1rs 
1/ " 1 312, C TO Co 
2F ;: 
I 
I I , 
I 4/3;81/ I /0%11 I /o·?i(~ 
.1-", _ j_ 
- f /Ye."~! I I I I V I-
~ , I ., 
_I 
--
.. >- . , .. ~ 
-> f-.... . ~ .-.> .A , , --" .-.. 
I 
I 6" I /8 sp @ 3// C. /0 c· l:n_.?4'¥~_ I I. ' .. ~I 
-
I 
F F F F F 
/o-w 1 /oYs" 
I 
I I 
10-% 1/ /o3A3" 10 JA3A' J 6~ 1 
.J 8_ .., , I 
t I I I t 
I 
I 
I ~[ 
.. 
6/ - 0%11 19-#3. U· 
sflrrujJ5 welded 
10 Ihrz.;C/o Ie: 
] 
~. 5. Su,PporI4----~---~ >' ~t: N. Sup)Jorf 
ELEVATrON 
t I I 
I 6" I 35' -YaP 72. %" : 6# I 
I <. ~ I " '" ''''' ,.. ,... ?- i 
I I 
If;)'- .' I :: ~- --e • • - ...,.. n'i~1 I I ~ . I ~-t- --s J e.. .. I., • I M\~ I I I; I I 
__ --1_ I . - , I I I I 
! 6 11 I 5"5" Y6/.; I l.3/frl ~ sp A.' 8"= 19:'I~6> 5~!(]13@3"=911j4!§lc'l2'-:./fY( 611 i ~-t<;- I II ..... 1">-; I .... I oC! ,. I ~ .. I <;; ~I 
I I I 20}}f. I I I I I I I . > I : 
P L ATE AND N E L 3 0 N STU D S I I ¥LAN v r E W o F 
_ J.. __ 
(}) t·~ (~ r£IJ. DW (~) '§0® 
----
I VDE - , 
I o 0:5£ 0N£ ~ 2oi;' I , 3/~" I -~ 
I I 0 Slip gage POSrTION o F GAG E S \l De.flectcmeter 
strain gage in steel FIG . 6.5 B E A M C - 20 
~// ¢ 
/V'e./S4717 
5fuds 
j2F 
-r 
~I 
_1) 
14- #3~' 
.5llrru~s. 
7'T 
~-4 --
:; 
\0. 
~=1 
~:[ 
I 
• 
• 
: 5" 
i ... 
'os <:J 
I 
l 
s" 
o Slip ga.ge 
\7 Deflectc~ter 
--
F' F F F F F 
I 10%' I /o~~' /I I II /0% I /0 3~ I I J'/ I00~ i /0% /0 %11 I 7 11 I 2 -/ / 3b 
- , t t t i 1 , i 
I 
! 
-----
.. -:.. ----> .. 
I - : I ~ 5, 5U,oporf--t 
I 
_t 6'- 0%/1 ~I/- 1. 
PLAN 
I 
I 
50" I 
VIEW OF 
I 
1 
I 
ELEVATION 
+ • + t + I I i I I 
41 , + , • I I 
I 
1011 I 20" I I 0 " I /0" : / 0 ., 
I I --- > I I 
PLATE AND KELSON STUDS 
~ GSW 
1 t DW 
~DE 
I 
3/ ~" 8 
GNWcb 
t 
I I 
• 
I I " 
\- 20 4 
C) G:5E 
I GNE9.6"1 
POSITION OF GAGES 
FIG. 6.6 B E A M C - 24 
i 
5#1 
--I 
!r 
N. Support 
5/811 ¢ 
~J Nelson 
" slucl.:s . 
2F F F F F F F 
3-#7bar5 1 6 "1 2,_//%/1 I /O'Ys Ii /0%" /O%¥ IO~IeI/~ /03/'r/ 10%" /0.313" 6"1 
9-#3 U 
.sfir rup5 
3!i' c. fo c. _ +--+', ~ /~"c/. ';-- -I 
~ l "'t I I ' ~ 1 ()\ _:. I I .... ~ 
/ I I ~ 
)7 6 II I 2? .' f II t --
23-#3 I " .... '--.!fiJ .3. c. 0 C. :: 66 _ .1 ..... /8'/ I 8 @ .3 ":: 24" 
=?'_'S-"" , 6' o~~ ~ ""-- 2 - #3 bClr.5 welded' fo .sfirr. u- .s firrups ~. ~ - . . __ - __ ~8 __________________ ~~ 
-- q; N. .supporr \ Cf 5. Supporf -~~ ELEVATI'OB 
o 
V 
1.4~r" ~"Plate 6'-2 %" long, 
I I ~ 
r---------.Tt~~~~~~~~-J 
. N)+ _____ --6.-- _____ ._._ + __ ._ -A- ._ ~_ 
I ~ ;T I T I I , 
I \D I I I I I I i I ~ 
• t~ t- -. - -' ----+- - - --- .---.+- - +- +- -t -~- ~I 
L ___ -- _____ ~ I I : I I -.~ 
.3 " I /'1 -"/" I ., I ~ 4/ JIB 2 0 ~ I 2 6 ';18 . /0" I 6' 5" ; 5 ,I 6 'I 
,.." .... 1"" _I.e. ·1", ~ <! ~I'"'~-·-< 
. I . 
P LAN V lEW 0 F P L,,~,~).&··A N D II E L SON STU D S 
'-_····:t '-'~~' . 
~ 
j/~ 
6 G.5W 
__ l 
.J.. r----
6 D Lv' ; - - -t - -r- .- 1 'NT I -
I 
I 
--I -~-J7~ ~ I _ I -\l[)~ ,.I. _ .. .,.._ '~ - - .- . I 1-· ..!.., 'GNEI. 
<I D 5 I~ 8" . 5 ~. 7.c I i I" ~
Slip gage 
Deflectometer 
strain gage in steel 
204-
I 
"j..c! I," I 
I I /~ 
POSITIOB OF GAGES 
FIG. 6.7 B E A M C-25. 
5/'8" ¢ 
Nelson 
:sfuds. 
3- ilT bar.5 JIi' c. fa c. 
~l 
I b" 
-, 
_.-" 
i 2,F 
l , 
1--- !--~ 
F 
3 ,I 
2'- 1/ :;Va /OJ/8" 
l'lz" CI. I i 
I 
f I 
I 
-~ .---t-~r-. 
C- ,;-- F I 
IOd/8 " /O~8'1 /0.3/8" /0 3/8 /1 
-
! 
I 
-
--i 
F 
F 3 'I I JO~~ 10.Y3 I 
--
~-- -
6'/ J 
I 
' .... \'f 
0\ 
9 _I1J U 
stirrufs 
2:3 _'11.3 ___ __ / I 6"1 2?fci) .. f -6" '- ... 0.. j C - 0 c, - ~_-E -, 16 18" a 0=> 3"::::. 24'1 \- 2-#3.6ars 
U - ..5 f /rrups 
:'t 
1 
i 
~~;-
j'- 5~<~" 6'~: oo/P; I 
J 
--_ .... -
IfP ELEVATION 
, , 
I I 
I 
• t 
-----
+ ; 
I I I 
f 
" 
(). e Ided fo oS firr. 
1---- (j.. 
I 
: : 
N. Support 
~1 5/8 " 1> Ne Ison s I uc/s. 
55~~" 
P LAN V lEW 1 F P ~~-;.~~~~: :a~ SON: ~O'>~ :",:.5".: ,5:, 6"·1 
i 
I 6", ~. GSV.J. 
~ j/~~ 
_ • ____ t,.; 
<J os -: GNW - 6,~i 
I 7 0 I 
_ "" D 11/ - -'''': I ::;:::;r I I ~-~= 
I 
T_ _ + "0/ DE I : 
~ 
o Slip gage 
\7 Deflectometer 
strain gage in steel 
I _ ~_ T ' 
__ 
20
i1" I -.J IG5£ - -;-: -- ~ 
I 
16.!J." _.,--! i 6NE ': .; t I '(\Jf 
. __ .__ ' R" / ~ 3 -," ' '-
_ . v / /8 ! / (J. /I ~ " . I " . " 1 
-+- . _ .... __ ..... ' L : 5 ~ i 7~") t------+.-----1-- " i ---
POSITION OF GAGES 
FIG. 6.8 B E A M C - 26. 
tI 12F F F F F 2 - 8 bars" I .3 II ! f~--;,H4b<!rs I 6 2-1/ VB /" , /0%," I }oJ13" 6':1 
3';2 c 10 Co ,I 1-_ ; . I t 11; C/ . 
()\ I I I" ~ I /--t-- ..-t-. -.--4-1 --+-1 
2 3 -'~ 3 /8/1 B @ 3'1= 24" 
. ___ . __ ._. b'- 0 5/8'/ • ! '---- 2-#3 b<:lrs we/dQd to .sllrr: 
o 
\l 
-I r .. ··· ~ /y', Supp or! <f .s. 5 uppor f 
ELEVATION 
~ ~----~,----- - -l 5/ II ¢ , , r 18 -t • • • r ~ i I i i Nelson \01 i ! '",-, I ~ I I , I '- sfuds, ~+. , • • • .. • I -.- I , i l 
45 3/8" .3 1/ lOll 6" 5': 5" I 6" I ~ /0 '1 26/8 6, _._ I I 
PLAN VIEW OF PLATE AND JlELSON STUDS 
I 
2 O~" L-- 3/ Ye' . I 6",' 
I ! 6" I 
.-__ ..:.J..dL-i GIN: - Oft, G 5 IN I G N W J:i~--I '", I 
t -t- ~ T 6DW t .,j.. Ti ! T 
DS JJ I I . ! I I ! ~ I 
1'1 V'DE : ~ I ~l 
-t- I + T I -t- + -l. -i-! I· 
I I ~ , I t-- .~ I . I I ! '_,_ 
j 6" I IS",? G£ " I'" i \p GS £ 'IGNE;Cj) ".iT 
I .. 1 ___ -2-3-~-----~R 9" 'i- 1831t~' _, 18.3;16" 8"J!~~£l 
Slip gage . I I 
Deflectameter P 0 SIT lOB 0 F GAG E S 
strain gage in steel 
FIG. 6.9 BEAM C-27. 
3 -#7 bars 
3~JI c. fo c. 
2F 
I G" I 2 '- /1 J/;' F F F F ._._, 1 103~~'_ 10%" 1.lo}/ /o}a" -1 /(L!8" 
plz c/.T I 
T T 
:: ! t 1 l 
0'1 I 
i / i 
F F 
10±,8~ /Q j/8"+~'1 
2.3 _tj --/t: I. 22 IfiJ 3" c 10 c = 66",", I. 18" .1" 8 @ '3"= 24" 1 
3 ' 5 3/ II I 5/, JI U-sfirrups - /8 _ 6-0 8 : 
"'- 2 -#"3 ,bars 
welded fa s/J"f'r. 
1;. 5. .5upporf ELEVATION ,-'''-- cz. N. ~ ufJf>orf 
1 
:+'U '-0. I ,  -.-~ff)-L I + + i . ~ I i 
I 6/1 I 
. 1_ 
I ,.I 
_I ~ 5 _ j 4S Y8" 
! -, I ,- -r-
263/~' 
, , 
• • 
-t 
J 10 " 
J - -T 
, • ; 
~ • + 
I /I 
6" L 5': 'XI Y 
PLAN VIEW OF PLATE AND NELSON STUDS 
20 74" 
cb GW 
I (:) GSW 
t ~I .. 
! I I : I I 
- I - -- -~~____ J I I 
I 
.}DW 
tDE 
0511 
t 
I . T" G5£ ~"I 7~8" I IO'.i' /5 '.!;t." 
POSITION OF GAGES 
J 6" I ~; G£ ~ 6" I • 23 313"' " /8 316 
o Slip gage 
\7 Deflectameter 
strain gage in steel FIG. 6.10 B E A M C - 28. 
-r 
I 
-
I II 
3113 I 6 
. 6': I 
GN'N D' -1 
-t- +- i I 
I I 
-4- l.l 
1 
'a Ntl',I" I 
+ 8' i 6~'! T f."1 _____1-- '2 2 
1" 5/8 ¢ ~ Nelson ':! sTuds. 
1 
J 
tAl 
P. 
orf 
~ 
~ 
orf 
... 
fl..t 
.. 
s:: 
a 
U) 
~ 
...-I 
~ 
q 
o 
rd 
~ 
H 
~ 
~ 
o 
8 
/\ 
I I 
I I' 1l0l- -!:. I 
I I I I 
,-----,-I Ult~te Load: !123.9!kiPS i 
-t----+----t-+----'-----------I- : ! ~ --T--r 
I i I 
--: ~ 
I ! : : 
+-i -----bl----+-
I
----:!--+: --r---r--:-----l---.: -r-- l----i 
! ! i I .. I I 
70 I -- II· -T-~----'----Tl--r---:.,-. -1
1
-----4-----
11 
---1,--
I i II I ' ! I i I 
60t---'+
1 
i II I ; -+----+-.------.. : ----~.; -I' --.-- -i---
I! i I .: .: 
i  j:: I 
50 I-- I -~! i-----+---~-~!--+----~-·--·- .L-------~-.-.-.---;----L-,---j-----
) I 'i i i;! I I 
40 ~-ftill. r- r--·------ L - -+--·----L---7---+----1---~! -
j ; I! I I 
i : I : ! I I 
! i;' i I I I 
30 I- I! ;!,: ; !'! I I I' ~----, ----~- -- -,--- -- --- ---; -- -- -, --- '--I r----1 
201--( i ;---, --'-----........ ----.- ------------ :-------:-----7---'--L-----~: ----r----+--l 
10 ~f---l----:- __1___-1_ --~ ------ - ------,---'---- - . , --.. ---: - L -1.-1 o~ I I I .. , . I 
I 
! 
120 
100 
90 
80 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 o.B 
Maximum Deflection, in Inches 
FIG. 6.11 TOTAL LOAD ON MAIN SPAN VS. DEFLECTION FOR BEAM c-lB 
1.1.0 
100 
90 
Ul 
Pi 80 
-r1 
..!4 
t:: 
.,-f 
.. 70 
P-i 
.. 
t:: 60 a 
UJ 
t:: 
-r1 
~ 50 
Q 
0 
rd 40 as 
0 
....:J 
rl 
as 30 +' 0 
8 
20 
10 
~ 
If U- Ull1ima. te iLoad: 1.06.~ kips 
I 'I I I 
V ! : I '+ 1 I 
/
1 I I t--I ~-! I I I I I 
I I I: I I I . 
v i 'I I !! I +-1. ! I I I i I I I 
--+- I i i I I I i I I / ' I I r i I Ii, I ~j! I i I ! i I ! I ! I ! 
if I I I I !! '!I I U· I I I! I I j I 
U I'!' . ,-+ ~I Iii i I! 'Ii : I I " 'I/11'· 1.1 -+ i ! i -i : ! I i I, I 
, I' I! I / r · i : : 1 I I I L1 i . I i 1 ,I ! 7 ----1--- -, --r j--l-r---l [ r----t 
I --t- I -I ! I ----or -+--------+-----t---1---L-
! I I, ! I I I I I i I I ~ I I I I I I I! I! i I I o 'I I . 'I I , 
o 0.1 0.2 0.3 0.4 0.5 0.6 0·7 0.8 
Maximum Deflection, in Inches 
FIG. 6.12 TOTAL LOAD ON MAIN SPAN VSo DEFLECTION FOR BEAM C-19 
co 
~ 
'rl 
:4 
~ 
'rf 
... 
p... 
... 
~ 
~ 
CI) 
~ 
'rl 
~ 
~ 
o 
rO 
.3 
.-{ 
!l 
o 
1:--1 
100, I~ 
90 I +---t-------· L t-- ------1 I \r I +---
80 ~-1 I I +---t---t'\:--- ---~~l=~~JL~:-+-~2.4-t:~~-=-+-----+---
70 i- I ! 
I ! 
60 I !, I 
+-I------'I-----+--t----+----+---+---+---.J--.-l--t--.J--~--~ 
I I . I I 
I, I I Ii! 
1 I I I I 
40 ~-++--+--t---+-----+-.-t----1I------+--+-! --I I I l--t-
30 ~- : ---t-o '.: i 
20 Il-
10 I; I I 
o ( I I 
0 0 .. 1 
I I I 
i ! j I I! 
I I I L_ _ _ 1 
i , 
I 
_L 
0.2 0.) 0.4 0·5 0.6 
Maximum Deflection, in Inches 
FIG. 6.13 TOTAL LOAD ON MAIN SPAN VS. DEFLECTION FOR BEAM C-20 
I 
I 
I 
I 
I 
0.7 
I 
I 
0.8 
100 
ttl 901 
~ 
;t 801 t----+ 
' I I 
... 
Poe 
... 70 ~ 
~ 
!t 60 
(d i 50 ~ i -r-- ~- [--i 401-~---e---l-- -.----.- ----
~ 
o 
8 
~ 1-~-~ I ~-r-J--- I~r- T ]-1 
20 I -1--'! -~--t----u~ -i- '--r-
I+----+---+---+----t--l- -~-L! l I I I ! 
10 _ I I 
! I I o 
o 0.6 0.4 0.5 0.7 0.1 0.2 0.3 0.8 
Maximum Deflection in Inches 
FlG.6.14TarAL LOAD ON MAIN SPAN VS DEFLECTION FOR BEAM C-25 J 
----------. ------------------•. - ------- .-.---- ------.---. - ._-_ .. __ . - .------ -_._----~--------
--j-_----I----t-t-1--f--~-f I ~---t--t--f------I-
---t----.---t-----+--- I I --__ -~-_.~ __ --.L -----+ -----L----- -;.-_____ . _ .. _ .-__ -., ____ ---:._ 
. I I I "-f" 'I ' 
: i l i I I ! I I il' I ! I ! I 1----' , 1 I I : t---I i i .. --i-'-' I ! 
'
" i I i! ! 
I t- I I I ' r~·-i-----L--- --+--t-----I----t I -1, : 
I ~t1matk ~ : I ! I I I I I I 
_.: I -r--+ , I u-f--·---1--.--r---+ -- I ~-~ 
; I ' I I I, L : , I ! I ! 'I I 
' ' I I I f -·...----r-t=t= It' i I _. I ----, !. I I T---r----'--~t-=-f----r---L -- ----atlInfletuon- ointt r----'-------.--~--~--~--}---r--: --t-I -----r- ---- l'-=--tI----~~J~~~f-SUJlJ? I rtedJj' ~I d I -l 
I I I I , . ' I I; 
I II ! I, i I! I I I I I ~ I 
I ' I i I I ;' I 1 
r 
! r----· --I -.. -.. ---1---- -1 ----1-- ---~--·-l-----r .. ----il-------t-I---~L---j--, ~I---·-~~---
I : I ! : I I I -i I I I I I 1 I ! i ,; 'I! I I \' 
, J. I J : I,
10 i-- -r---:---I--- --·-r--,i ------1" --- ---- -1
1 
--- r--- j -j- -- --I, -- ----- f -- . - --------r-l ~-1--411 
I' !, ! I, I I liLl 
o L I L i I __ ~ ! 1_ 1 -.l_L : ___ I ~ 
o 
100 
90 
to 80, 
'Pi 
orl 
M 
;t 10 
"' Pi 
"' 60 ~ 
Pt 
Ul 
;l 50 
i 
$:1 
0 40 
~ 
0 
H 
~ 30 
.+, 
0 
E-1 
20 
I 
I 
! 
--I f I 
I 
I . i 
---1 ~----'--- .. -
, I 
I : I 
i ~ I I 
-i I 
( i 
I 
--
! 
r 
---'-
I 
0.01 0.02 0.04 0.03 0.05 0.06 0.4 
Slip in Inches 
FIG.6.15 TarAL LOAD ON MAIN SPAN VS SLIP FOR BEAM C-25 
1~··I2 
I 
llO 
~_28 
al 
Pt ·90 
~ --
~ 
I 
~ 80 
p.... 
! ... 
I 
~ 70 
~ 
I i ! , 60 
I 
g 
~ 50 i I , 40 
0 
E-4 
30 
20 
10 
o 
r---I~~~----r- -------r- T--- ---r 
., Ii! I I! I 
! ! I t I I I I I!! 
!
Ult
1n1
te L?i tl '-'+---1 I _1-1----l----( -j----=tl' i 
I 'I ~. , '. I I I /, : i ; 
-r- r I -- - ;/t/-i-----l-----(----i-- -r--~ 
I : "I I I I I' 
I .• . -L I I ! i : i : I 
I -II ---"1- -1-· -- -- i /.-/ l
l
-
mm
-r----r I ! T----T-,· ~l---11 
I. I; I I, i 
T 
I : . I Y I I ! : I ' : ! I I·---·:---~--·l- -.. -... t .. ----.--.1'------/7"-:- --- -.--.. ~--. ------l·--·. --._ .. 1.._ -. - -.. :-_.-._-.--t--.- -----.--.--.-.------7 I I I 'I: ~ F l!:~nti~V!L=-t~l---1---L- --l----+. --- ---'---ri -.-------~---- +-.----+----- ~----.lj..t:'.t'~-,T ~ ; I : :: : I I ! 
1/ I !' I I '" ; 'i ! , ,I I,
I 
~~-
I I 
r 
j , , i . , , : I . ~~--t~--- --r---Tmn--l ----tn---~-----~------:-----:: L 
, ! Ii; ! i I ,. I ; . I . I I I I-----~--I-t-~·--·-:--------~ ---- +-- '---r."" ----1'.-- -.. ~ -------t----··-~-·---·-i·--·--·--:-
I I I :, I ' : i I 1 I I ' ',,'• '! I I , ! i I :. ':.
---- -----+-------+ :: ____ --~, I· - - -~- . h_ _ _~ __ • _____ .~ ____ m -l.-----L-J 
I ~ ! I: " '! i . t 
I : i 'II ! ! 
1 I 
---1"--- ~---- ... --,----.:..-.----.-~--.-.--r-------.- -. --. ...!,----- ·-t---·---~--·-----+---·· 
I ' I 
, I : : 
' i . H- -.---.-.-~.--.---+_-.--- .. - -.---t-- .. -.-- _, .. __ . ___ .. __ ._. ___ .~--.. - ... --
I . .' , , . ! I 
i j j------~-----~-------------~----~ 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
!4a.ximum Deflection, in Inches i 
FIG. 6.16 TarAL LOAD ON MAIN SPAN VS DEFLECTION FO R BEAM c-26 I 
-- .... _ .... _------_ ..... ---_ ... _ ... _.-._'- _._-------- ----------------.~ 
llO 
\ 
100 
90 
Ul 
Pi 
!J 80 
~ 
.,; 
~ 10 
[ 
ttl 60 
;1 
i 
g 50"~" 
~ 3 40 
~ 
+> g 30 
20 
10 
o 
I It' ~ Ii! I Iii ~ Ultrte ~ -J--+--t~~4---i--~I!----i --+--H' I 
1 __ 1 - --i---j--- I I I I 1 I I I I . I ~--+---+/- --I I t·-·-·--~----·~--+-·----~-----t-.. ---·!--~- I I 1----/ I I I I Iii ! I , 
/ I I I ; i I I : I I I ! : I 
I ' L--t-----+-------~------L-.-. ---t-- ! 
1/ I I I !! It}! 
,/ ! ,: 'i I,! ; I I I 
-4--·--~---~; -----1----------~------~-------·;- -- I -~-------~------~--------'----: l" I ! -
I~I I I ; i i! I I i I ~) i ii ;, I : i : !----+-, -i--- . __ .-.f.--- ! -r----;---r---~---....1----i---·---i --+----If I I! : i ' ; 1 ' I ' , I ' 'i I' ., 
I r y1fld1ngi over ~stra:J.ned i ! ! ; i i : ~~ C . 
~L I + : . ~-----. --+---~--- '''-'' j --- --- ~---~--------~.-----+_ ---~--t L_-+ __ 
I !! I; !. I: : \ : 
/ -~-+---I---i---+----J-----i----:--J---r---L--J---;--~ I' ~"-----
, I I i ~ ,i i: i : 
I i---+---~-L------~ , ___ J ____________ ~ - --;--~-- -----i- ----, i-- "- j-------~--~:----~ r--- ~-----
iii I i 1 ~ ! i a} Infliction, poin~ ~ *' 
~~--.-J---l.---L----~------~-------.:.-- . _____ Lh --T -- at S~l:~_~~~l~~J l------+------4 
ii' ! " l i !" i !II : ! : I 'I 
I I ':: I : l------~-----~----+----~- ----~---L---t- i "----+---- ---1 1 __ 1 __ _ 
" Ii: : ! : : I' I : I . . i ' " i Ii: i I : I Ii': 
, -+---+ ,~-----~"-----.- ... -." ·-t---- '---r---t-----J---l r--~-----
, I !; r I i 
I i ' i ' 
o 0.01 0.02 0.03 0.04 0.05 0.06 0.20 
Slip in Inches 
FIG..6.17 TOTAL LOAD ON MAIN SPAN VS SLIP FOB BEAM c-26 
llO 
100 
90 
co 
Pt 
oM 
.!4 :"80 
~ 
... p. 10 
... 
! 60 !t 
i 
8 50 
l 40 
~, 
.. ' 
-0 
30 8 
20 
10 
I 
0 
I 
I r - I i 
i -+ I I 
r-\J UlXXT- I I -+-4=,=---r---j--t= f I I 
I ---t-~I ~.-- ~ 1 ~ - -
I ! I I I' 'I 1--1 I : I 
-T--+,---r--':/T-' I-li---L--t----t---+---+--+---I 
1---+--11 -----~-----L---- I _-.~I ---I, I ---1.-J---4------'-- I 
,: ;!! - I I I 
. I Ii' ! I I I 
+----t-----++--, -+-+-,----4---t-'---r i I 
I I I ! ! ! I i I 
I I I I I ! ' I +- I_ 
I I I i j i, I i I 
I I, I : I : I I I 
'II r-ri -j-I--i-r---11-
m
----r I ! r I I 
- I 1 ! -. i I ! I I .L' i_+-_ 
. yiel ing orr ~ttraintd sUPt°rt i i 1-1 I I 1-r- I 
I--I-I-t,- ----r- i -r---'t--l---t---+I I -+1 --+--, i I 
· I I j iii I i J II i I 
-+---- i ---r--t--_·- · .. ·-.. ---r-·--~-~-·i-l-_r! I --t- I I 
1 I !! I ! ! I I I I, I I I' I I ' I I I I I , , ~ I I -]-- ji ·-!-i-~--!-'----r-l---'-r-T--i-!-I I ILl L! : i ! I I ~__ ~~ __ ~~I ___ ~i __ ~l_ _ ! I ! ! ! 
0.3 0.4 0.5 0.6 0.7 o 0.1 0.2 0.8 
Maximuo Deflection, in Inches 
FIG.6.lB T<JrAL LOAD ON MAIN SPAN VS. DEFI..ECTION FOR BEAM C-27 
co 
~ 
~ 
!1 
.. 
Pi 
. 
J 
~ 
~ 
~ 
8 
H 
~ 
+l 
0 
E-t 
llO 
100 
90 
80 
70 
60 
50 
40 
30 
20 
r--I--,=t=n_ I 1 I t-- ----t-t --T--'----t; ~ I I, i --- I i '\ -l 
! / / / --r----- --t-----t~r! ----r-I -- ~-trjl f------+-------
L / / I ,----- ------ J' 
, I 
I - ! 1 I I ~ 
. ! I; I ' __ I I I I ~ 1 I __ , --I --------+--___ '1 L--t------: -7- -; - - r ! I I i I 
/1 I I i I-~+---~:---+--~: --~---t~ ~: 
I I;;! : I i 
" I I ----L---+------i---t- -- ! t- I --I 
" j- 1 1 , i I ! i i / - ~J----~-~----~--- --f--:------I-- ~-1--1 
I 1 I ~ I . I 1 I I' 
I I I , I 1 , 
(I l!!! I I __ ~ ., I ~=t~~elding t:r ~1st~+d suf;ort~~----r---d :~i:t:::J::::I~~j 
I I I ------+--+-------~--- T -r 1 I : T I I I---i-"---L' I . I !. II i l ! i :t-I --J-----J 
: I 
* I ~---r---I 
LU 
! I 
I I 
: I 
~I--I ---1 
i I 
I I 
I I :,-
~. I 
f : 
, I 
; 
"-i--
I -+ 'I --~t----r-- --1· ._--- -:---:---I----r--r-- , I ! 
I I I I : I.i ------1---------- 0--___ __ ~--~i 
o [-:------l~n-I I ~T---r-O-!04nT--O:05 0.06 j 
o 0.01 0.02 0.03 . 
1.0 
! 
I : i---l-----
0.32 
Slip in Inches 
FIG ~6..1.9 TarAL LOAD ON MAIN SF AN VS. SLIP FOR BEAM C -27 
llO 
100 
90 
to 
~ 
~ 80 ~ 
... 
Pot 70 
... 
~ 
/}J 
60 ;f 
~ 
S 50 
] 40 
~ 
+> 0 
30 E-t 
20 
10 
'I I I 
I f I I Iff ~ ul!timatej Load I I ----1----, 
I I i I 
I I , I I 
I _L __ J ! I L _ .. __ . 
I II I 
, • I I I ! I 
I i ~'--1-----i-! I i I 
II I I I i I I i 
r-r--t+--+----!-I--:--i-I --_. _. I I -I I I I ! 
--r--r--+--f-1 _-1-1- " I I I ! I i ~__ ~  i '  II 0 0 I 0 I I 
o I ' I I ' 
---rr--i---t--+--+----1I- Iii I I ' /f' I: 0 I I I ! -r i / I I i i I I ! I I I n° 1, __ -1-_---1 -r~--+---L:-' I' i I I I' I I 
t
' I --+-------.-! i , I I : I l : I --+------1- - I I 
Yl ldingl over testra~,ed Sri o! , i ---t----+--i----+----H' -.--
_I' ' I I • rt, I r I I: I 
----r- .+-' :' I i ! I I I I' _..L.-!! t iii I 
I I I' ! I ; ---;-----;----- - -----t---I' I + I I i"  Ii' --- ---+-
+-_ I :! i'! I I' " 11 : I--
I -I ,---+_ ... ---.l ., I I . I I I I ' : --- ----+--- ---+-- ; I I I II! I I ! ii' ----;----r------: ,j ,I~__r_I .~ I I I l ii' I T---!-~!-r-----
. i ' I! -r----i-----'---,-------j--' L ! I' ' ' I I ' -----r----- - ' L-1 I Ii ! i : I 1 I ; -~;--- --
I I Ii, i :' I 
I I : I o 
o 0.1 0.2 0.3 0.4 0.5 0.6 0 .. 7 0.8 
Maximum Deflection in Inches 
FIG .6.20 TarAL LOAD ON MAIN SPAN VS. DEFLECTION 1 FOR BEAM C -28 
\ 
110 
100 
90 
m 
~ 
.M 80 
.;i 
.. 
Jl.t 
70 
. 
m 
~ 60 
!i 
~ 
50 § 
~ 40 H 
~ 
+> 
30 0 E-t 
20 
10 
I" I Ult~a.te~ J 1 __ J- - ~ ___ I 
I 
-:! I ~--r-~-4~+--+--~~ 
r---+----+I---+-. __ -....L. 1 / - I 
// I I i 
I I 
! // I !. I I I' l--tI--t-I--+I---+-I--+-----1 
1 / ~. 'I I I I , ' I'  
--r--:rX---- . ____ .____ ___ -- -- I I I I I J I 
,I / / / i _ I . I i T-- T-- T ---i----r---T-------t---r---T---
r i r-i--T- ! -t---.---r-- I ! 
Ii! I ! I I I I I 
I ! I iii 1 I 
I ____ ,! I I ~ I I 
I I--I----t----t------+---~ ! 
II I I! i I \1 I --,I It---t-::~~ __ +I ----1- ___ i I ~ I I!. 
I 
' --y 1-- I .' I I I 
I [' I I' Iii ! I i I I 'Ii --!-' 1---
I I I : I I : 1 I : I tcT--"~,----+I---+_ --t- ---L i ~ -+ I I! I 1"_ Y~eld~ overl reatr~:lned ~oJ. ~i-! I !it' Infleftio~ f~i;;tt----r' --
i. • -+----t--f- I :t' --- .-- -- ,----=-=t-=.:. at~~~uPPprted -knd 
1
\1 I' i I I I 11 !i I I-i--f--r-
I +--+-----+-----i- i ~i .1 I ! i ! I I' I ' ' ,-----t- - ---------.4 I----+--i I I I J i I I : I I ,--, - i - ---
I I J I ! ' I I I';
i I I 1 I 1: I' i I t------t-----i--t--- ---- ------L--.. --,----- - --.-L _____ L_-l--_ I I I I I : I I ; I I --r---T------j----L-
ii' I I I I' ! ! ! I I ! : I I I! i I 
o . i I' ; o ,I ' 
0.01 0.02 0 03 0 04 . , , I 
• • 0.05 0.06 0.07 0.08 
Slip in Inches 
FIG. 6.21 T<JrAL LOAD ON MAD1 SF AN VS. SLIP FOR BEAH C -28 
I ! I 
I ! 
2F 
• 
I 
I F F F F r I I 
I I 
I , ! : ! 
I I 
+= -- -
---
.~ .-. '-I -A7 -~ I 
?-;----~-~--t_----6---@-/ ~.2" .::_6 ~=_O_" __ ~~ 
ELEVATION 
• 
!. · · ·t-.---t---;~~-~--t. ] C-IO 
~-+----.----G--~-.-.--i-~---+---~.~-- --~--------l---
j 
, . 
• • 
i • • • I 
2F 
I I • • I • 
, 
• • ' . • • I • 
I 
• • I • • • • : . • : . 
I 
PLAll VIEW OF STEEL PIATES 
-t-
j 
I • 
• • • • 
I 
• • 
• I • 
I I 
___ :::,J 
C-12 
Shear 
Diagram 
Bending 
l-t>ment 
Diagram 
/%r 
A=-5 hod rz dAre 0 == 12. (/2/3 r.,.. 2/3 I.e) 
A == 28 F 
FIG. 6. 22 LQ.AJ)INQ ARRABG.EME1'f1' AND SHAR 
A1lD )[)MElfi' DIAGRAMS FOR BEAMS C -10 AND C -12 
I 
• t 
2F 
i 
! 
i 
! 21 _ 11%" 
I 
! j 
l 
i , 
• I 
, 
! 
•• • ~ I 
l 
j 
t 
t , 
i 
I 
I 
~ 
• 
-
F F F F F F 
I I 
/-;J ~ I I, :It ~ 
,7@ O'~/07'8~ 6'- 67'8" 
I I I · I i I ! I I 
I 
I I 
I • • • •• 
" • • • 
• 
., 
I I 
"I . • • • • • • • i • , 
\ i 
I ! 
I 
I 
II • 6 • .. ~ ~ t 
I 
- ! I 
• . 
" 
(I tr ~ & . i 
i I 
: 
I • ~ (JI ~ .. 
I 
• .- " ".! • .. 
f" Y2 
- --
1------1 3.97 Fi 
~-----< 2.97F 
/.9,7F 
! ---I O.9?F ~ 
i 
I 
!'--. ... U. 'J, 
! 
I 
/.03f 
C-/8 
C -/9 
C-20 
L.Or 
I 
! 2.03F 
I 
i 
I 
3/. 93F .J--_-...... 3/.60F 
2.1.82F~1 7\ ~I.02F 
1.34F J". I I ~I ~~--------+--I---":'-" /lt4=--~!--~---'+----I'-----.::.J 
I ! /.~~'15"1 I I 
I : I f 29.~2F 
FIG • 6 .. 23 THE LOADING ARRANGEMENT, THE SHEAR AND BENDING 
MOMENT DIAGRAMS FOR BEAMS C - 18 t C - 19 , C - 20. 
.~: 
t,:l' Up to yield at" A" 
: and then held con- Ii 
+ 
stant 
~21 is ~ - 11 3/8n 
'I ' 
-636,.. T'K 
__ 20.25" 
10.89"4-j 
t f 
7 at 10 3/8" 
1 
I 
I 
p 
1 + 
a 6' 
- 0 5/8"' 
. Beam C-25 
+85909''K 
+321.2"K 
r 
LS 
B 
I 
k P -= 112.2 
U k 
P JIll 60.3 y 
I I 
I Je'_"- ---- ~.--------.... ........ 
Beam c-26 
+936.0"K 
~ -·20.25" 
-470.4"K Beam C-27 
+883.9ft K r20 •25" -! 
~ I I 
8.33" _/ r : 
I 
+223.8"K 
----_. 
-------
.495.2"K Beam c-28 
ttl 
~ 
~ 
~ 
CIl 
H 
Q) 
Pt 
~ 
~ 
til 
Pt 
~ 
~ 
Pi 
~ 
1 ..-t 
~ 
0 
• ori ~ 
8 
~ 
0 
8 
s 
30 
20 
10 
.. 0 
:1.0 
120 
100 
80 
60-" 
40 
20 
0 
-20 
-40 
I -- T : 
---.--.-.-- ----··-·_---------··t .. ·--···---...... ---- .. ---·-r .. ----· ----- ----.. --t---
~\ I ! I i 1--------- - .... -.-- ... - --... ----......... -- ...... -.. -----;-.--... -.-... - .. - ... - .-.-------- -.-... --~- ·--1--.. 2) 1 
r I 
I 
.. _ ... _ .. J_ ........ _ 
I 
I 
-----.--------- -.-...... --.. ----.. --.- - .. -------.-.--1 ... --
I 
I 
'---_____________ ... _... _____ . ___ .. _ .. ___ ._ ... __ . _________ 1 _ 1 __ 
I ------- , - , '~ 
1--+'------ I I I 1 
- .. ------+---------F------==- I --~-+-----! 
~-~----~ ~~~=_~J_~-~-:~B~~; p ~~~= -j~t-
I 0 No Slip 1 I I ~ ___ __'_ _ ._ ..L ~ __ l.-LL 
! 
ELEVATION. Location of I Cracks a.t Ultimate Loa.d , 1 
Pla.te cut here "\ :1, · .. · jJ N I 
L+J. • "'.. ~ ., ~ I 
1....--______ . ____ -+l_ -r- -
PLAN VIEW--Location of Studs I I 
FIG .6.25 MEASURED TENSION IN PLATE AND SHEARING FORCE ON THE STUDS AT J 
VARIOUS LOAD LEVELS FOR BEAM C-25. -
--_._------
.. 
--r-' 
20 
to 
Pi ),0 oM ~ 
I 
~ 0 
til 
------j 
I 
M 
~ -1.0 ---- --~--.- ------ --J 
t1 
CL) 
,.C$ 
'.20 (J) 
-120 
100 
80 
ttl 
~ 
~--- 60 
cv 
-&; 40 r-4 p.. 
;l 
~ 20 
0 
.,-f 
~ (1) 0 E-t , 
0 
-20 8 
-40 
-----------+-- ----1f-~~~-~~~~l~~~---J -J -----j 
----·---i---- ----~--_M 
!--___ ~ ----- I I 
----+-------1'--------------------------- -- -+-i 
--- ----- .------------_,f-® __ !~e~~_~t[~U!:'R~------l- -1--11 
" ., ! .~) First Sl p i I 
---------.- .. ---.-. ----- ----t---·-·I 
r i I 
----------- ------------------- --\------------------------- -- -l--: 
\-0-) No Slip I 
------------ ----------.-----.--.-. ---. -.. -'=~~ .-- -.----.-- .----- ---'---- ------1-- '---D---.- .' 
I----_~ ___ I'_____ __ . __ , __ L____ _ __ 1_ 
1------------ -------
1--------------_.- -.--------.-----
---,----\ 
L=s~~-\'\~-~ _______ IJ_~·-.. --.-l .. _J"-" ! + ] \ " i ...--- - .. - ) \. ' ./ ;; .. -. "/ ~ "'-sm _ . -' _ --=s ~_JiilJ) ___ ___ L) __ ) ~~_ N 
s 
ELEVATION. Location of Cracks at Ultimate Load 
• ~------.. -----------------=rJ I 41 • of; •• ~ N 
I I 
I 11/ '" l- 01\ Q ~ 
I I I - ---.. - .. ------------• 
PLAN VIEW--Location of Studs 
FIG .6.26 MEASURED TENSION IN PLATE AND SRE.ARING FORCE ON THE STUDS AT 
VARIOUS LOAD LEVELS FOR BEAM c-26. 
m 
~ 
~ 
Ol 
M 
~ 
~ 
"' 
Q)' 
~ 
CQ 
~ 
. I 
~ 
Poe 
!1 
8 
..,... 
~ 
l}. 
~ 
E-t 
s 
20 
lO 
0 
I 
-10 I-----~-----+---.~---
I 
-20 
120 
~oo 
- I I 
'-0ntimate !Load I I 
,---.---+-----r---f----.-.-.--.------ ----- --j--b---f ----
, I I ~I , 
80 I--------.-.--+----f----.-----. -----.---'. -.---1--- '-'-'f--
60 
40 
20 
.'0 
-20 
-40 
I I 
-+---- ----tr~t;:~~d1fte 4 --:=,-j-
~-------. -----~--- ---------------+-1~ -J---+--
+---_____ ----+----+~~-:;;~f--end Yield I -l----
I / ~ ~! 
i ,- " 
-- r-t--~--. ' ... -- -----. -.-.-... · .. ·-·1-·-- '-----", -----+----
L(Oio Slip I I: I I 
·-.. ··----------·--t----t---(---~-- r-
- I I I~I_ 
\ 
ELEVATION--Location of Cracks a.t Ultimate Load 
• • 
• • • 
j] N 
~--~~--------~I------ ----.----- ---~, 
PLAN 'VIEW--Location of Studs 
FIG.6.27MEASURED TENSION IN PLATE AND SHEARING FORCE ON THE STUDS AT 
VARIOUS LOAD LEVELS FOR BEAM C-27. 
20 
tf.l 
~ 10 
~ 0 
[/) 
H 
~ -10 
~ 
~ -20 
.120 
100 
80 
tQ 
A 
~ 60 
~ 40 
,.; 
Poe 
~ 
9 20 
-rl 
~ 
Q) 0 8 
~ 
0 
-20 8 
-40 
• 
• 
~ I 
! ----r I 
I ! 
-+-----;-.---l-.-- ---
I i 
! 
, 
I 
. --------------1---
I 
I 
I 
I I i ~--!(~l ! i 
I " L. ) I . 
I - j I 1 JJ.-. -L-+ 
I I 
, ! I I 
t--------+----+--+---)rt---=-=+--j I ~!i It I II j 
CD- I ---.-L LL 
I ~- \ -~--! --r-, I I 
-4-------- 1---. __ 'i!2_~~:~ ~~-_rt-j--~ 
i I I 
-1---------- --~;------------+---:=~-- ---I 
~_____ _ ______ >-_J_~-~~~~~LWld i -~~e~~Jl--J I ' I I ~ -- j 
~-.-.------- ----.- -!--- t----------------- -------f=4t+-
: - .--= _~_~o Slip I I-tit 
zs -- - -- -- ts= 
ELEVATION. Loca.tion of Cracks a.t Ultimate Load 
» 0 
" 
C' 0 
·n • • • • ~ ~ ~ 
I 
PLAN VIEW--Locstion of Studs 
FIG.6.28 MEASURED TENSION m PLATE AND SHEARING FORCE ON THE STUDS AT 
VARIOUS LOAD LEVELS FOR BEAM c-28. 
FIG. 6.29 A TYPICAL BOND FAILURE. BEAM C-25 
FIG. 6.30 A TYPICAL BOND-8HEAR FAEURE. BEAM C-28 
FIG. 6.31 A SIMULTANEOUS BOND AND BOND-SHEAR FAILURE 
BEAM C -27 AT ULTIMATE 
~o ________________ ··-______ -'-~~~~ 
-1 
! d 
I X 
0<- -. -r-.--------.--.- -.. ---.. , ---------->-
i 
i 
i 
I 
I d)' 
I 
! 
i 
Tv d T;'t dx 
xy + ox 
d6x c{ -H----~ ox+ --- X ox 
1~ -
I ~~------~----------
--- _.-....... d Txy dx 
Tx y + dx 
FIG. 1.1 A RECTA:NGULAR ELEMENT OF S'mEL PLATE 
c 
L 
- 0.25 
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8 ~ 1 . DISTRIBUTION O~ BENDING MOMENTS ACROSS CRITICAL SECTIONS, 
FOR clL := 0.25 
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